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Abstract
A detailed study of the surface modification ofPVdF by alkaline treatment at 80°C, has 
been carried out by X-ray photoelectron spectroscopy, secondary ion mass spectrometry, 
Raman spectroscopy, infrared spectroscopy and Rutherford backscattering spectrometry.
The surface composition of the modified polymer has been shown to consist of conjugated 
polyene sequences, oxygen species and some fluorine containing groups. The reaction is 
essentially defluorination, followed by oxygenation. The oxygen species created are in the 
form of hydroxyl, carbonyl and O-C-F groups. The fluorine is shown to remain in the 
polymer in the form of =CF groups and O-C-F species, and in some cases a small amount of 
CF2 groups.
Three different types of media have been used to treat the PVdF samples, 12 M sodium 
hydroxide, 4 M sodium hydroxide with the addition of phase transfer catalysts (PTCs), and 
4 M sodium hydroxide with addition of the solvent dimethyl sulphoxide (DMSO). A 
combination of the DMSO and PTC treatments have also been investigated. The main 
PTCs used in this research are tetrabutyl ammonium hydrogen sulphate (TBAHS) and 
tetrabutyl phosphonium bromide (TBPB).
The proposed mechanism does not alter for the different treatments described above, 
however the surface composition does differ slightly. This is a result of changes in the 
process kinetics with the reagents employed. In the case of the 12M NaOH, the first step, 
deprotonation, is rate- controlling, therefore intermediates which are observed in the other 
treatments, which do not have a well-defined rate-controlling step, are not observed in this 
case.
The kinetics of the reaction mechanism not only affects the observed surface composition, 
but also the depth of treatment. The depth of treatment in this work spans a range from 
<0.1 pm (12 M NaOH) to approximately 2 pm in the case of the DMSO treatment.
Thus the kinetics of the reaction, and depth of defluorination is increased by the addition of 
either PTC or DMSO to the alkaline solution. The DMSO has a greater effect on both 
parameters than the PTC.
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1. Introduction.
There is currently much interest within the energy storage industry to obtain a material that 
can withstand harsh chemical environments such as concentrated caustic solution (pH 13). 
Fluorinated polymers such as poly(vinylidene fluoride), (PVdF), are already of prime interest 
in the project as illustrated in the work of Melanie Grégoire1. PVdF although very resistant 
chemically, is still susceptible to attack in extreme alkaline conditions. By subjecting PVdF 
to an even harsher chemical environment, a surface layer will be formed which will be 
resistant to further degradation in the alkaline environment in which it will be exposed.
1.1. Energy Storage.
National Power is developing a new energy storage system, Regenesys™, based on fuel cell 
technology1,2. Electricity demand fluctuates continuously, therefore supply stations have to 
be built with the ability to meet the maximum demand. This leads to stations running below 
maximum efficiency the majority of the time. With the choice of energy storage the supply 
stations full capacity need not be as high, and when demand is low the excess energy can be 
stored for times when demand is greater. This will increase the efficiency of power stations, 
in turn increasing profits. Currently, operational energy storage systems have been in the 
form of pumped storage (reservoirs), compressed air and chemical batteries. The pumped 
storage and compressed air rely on geographic location and cause environmental concern, as 
well as problems due to slow response times. The chemical battery is restricted to a small 
scale at present. These storage systems are more expensive than that believed achievable by 
the fuel cell system. Other advantages of the fuel cell is the high-speed response time, no 
environmental concerns (as it produces no emissions) and suitability for storage in a 5 to 500 
MW range from one plant alone. Another advantage is that it can be used in conjunction 
with renewable sources, such as wind and solar power, greatly increasing their mobility, 
which is obviously environmentally desirable.
1.2. Fuel Cells.
The Regenesys™ system is based on regenerative fuel cell technology, or “redox flow cell 
technology”. Conversion of electricity to chemical potential energy is achieved by ‘charging’ 
two electrolyte solutions, electricity can then be released by discharge when required.
1
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Obviously a converter and transformer will be required to connect the system to the AC 
network.
Batteries are limited as capacity is related to the size of the electrode. Flow cells are more 
flexible as a result of storing the two solutions in separate tanks and therefore avoiding 
restrictions of the energy capacity. For example, Zn/Br2 batteries involve the plating of one 
component onto the electrodes, the energy capacity is limited by the amount that can be 
deposited. Regenerative fuel cells avoid all these problems as the inert electrodes act only as 
a method of transfer of electrons. Because the electrodes do not take part in the 
electrochemical process they do not limit the energy storage capacity of the cell. The size of 
electrode determines the power, and the size of the storage tanks determines the amount of 
energy that can be stored. The regenerative fuel cell stores or releases energy by means of a 
reversible electrochemical reaction between two salt solution electrolytes. The electrolytes 
chosen by Regenesys™ are sodium bromide and sodium polysulphide. These salts present no 
handling hazards and are readily soluble as well as being abundant and inexpensive at 
required purity levels. The two electrolytes circulate in two entirely separate circuits. 
Uncharged the sodium bromide lies on the positive side whereas the sodium polysulphide is 
on the negative side of the cell. On charging bromide ions are oxidised to bromine and 
complexed as tribromide ions, and the sulphur in polysulphide is reduced to sulphide. The 
membrane separating the electrolytes is cation specific and therefore will only allow sodium 
ions through, this provides the method of electrical charge balance. On discharge the 
sulphide ion is the reducing agent and the tribromide ion the oxidising agent as shown below:
3NaBr + Na2S4 2 Na2S2 + NaBr3 Potential = 1.5 V
The fuel cell environment can be as alkaline as pH 13, and finding a suitable material that will 
contain the chemicals for a long period of time (plant operating life) without degradation has 
proved difficult, and therefore has lead to the current research. Poly(vinylidene fluoride), 
PVdF, is essentially an inert polymer, with the advantage of mechanical strength and 
processability. However PVdF is known to degrade over long periods of time when exposed 
to harsh alkaline environments such as pH 13. Cracking has been found to occur at welds 
other points of stress in components. It is well known by manufacturers that by exposing
2
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PVdF to strong caustic solutions, a passive surface layer can be formed that will not degrade 
further when in less alkaline environments.
1.3. Research Aims.
The research endeavours to find a quick and cost effective process to form a passive film in 
strong alkaline environments, suitable for use in manufacture. The main thrust of the 
research has been to degrade PVdF in highly alkaline environments and study the 
mechanisms of the surface processes. Through such studies the chemical nature of the 
surface modification of the PVdF can be determined. Surface treatments involving sodium 
hydroxide, phase transfer catalysts and the aprotic solvent dimethyl sulphoxide have been 
investigated. These treatments will be compared for the chemical nature of surface 
modification, as well as treatment times, and the depths of treatment reached in the polymer. 
The research has been conducted through the use of the high quality surface specific 
equipment, time of flight secondary ion mass spectrometry (ToF-SIMS), X-ray 
photoelectron spectroscopy (XPS) in the School of Mechanical and Materials Engineering at 
the University of Surrey. Other techniques used in this research are, Raman spectroscopy at 
the University of Paris 7 and the University of Bristol, and Rutherford backscattering 
spectrometry and infrared spectroscopy at the University of Surrey.
1.4. XPS Analysis.
XPS provides chemical state information as well as a quantitative surface chemical analysis. 
Shifts in the peaks obtained represent differences in chemical structure of the sample. The 
technique itself involves bombarding the sample with soft X-rays in ultra high vacuum 
(UHV). The X-rays cause the sample to emit photoelectrons whose energies are then 
analysed to yield the XPS spectrum. Electrostatic charging occurs during analysis of 
insulators such as PVdF and must be taken into account when interpreting a spectrum. The 
characteristic depth of analysis is 2 to 5 nm.
1.5. ToF-SIMS Analysis.
ToF-SIMS is a surface mass spectrometry that provides chemical information of surfaces by 
the detection of sputtered ionised molecular fragments. SIMS can detect hydrogen and 
distinguish between different isotopes. ToF-SIMS can rapidly collect mass spectra, by 
parallel acquisition over the mass range selected. The depth of analyses of SIMS is 1 to 2
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monolayers, more surface specific than XPS, and it is now generally accepted that the 
elemental ions have a larger analysis depth than molecular fragments. The SIMS process 
itself involves the sample in UHV being bombarded with a beam of positively charged ions 
(69Ga+), and ions and neutrals are sputtered from the top monolayers. The main emission 
process in SIMS is where surface atoms or clusters are ejected as a result of the collision 
cascade that occurs after the primary ion enters the polymer surface. The fragments, that are 
charged secondary ions, are accelerated by a high voltage into the flight tube of the mass 
analyser. Mass spectra are obtained in either the negative or the positive mode.
The exact mass (more strictly m/z) of the ions produced by the sputtering process is 
determined in SIMS analysis. This mass can represent one or more types of ion. XPS 
provides the chemical state of the elements, but does not indicate molecular size. Use of 
these two techniques in parallel provides a method to identify the sample being analysed.
The techniques concentrate on different depths in the sample, if the sample is not identical at 
both of these depths the information must be used separately, combined with other 
technique’s (e.g. Rutherford backscattering spectrometry) to provide a depth profile.
FT-IR was complemented by Raman spectroscopy because of the latter techniques unique 
ability to estimate the extent of conjugation within the modified layer.
1.6. Objective.
The objective of this work therefore, is to employ the analytical techniques outlined above to 
a thorough study of the surface modification ofPVdF in alkaline media. In addition the 
effect of phase transfer catalysts and the solvent DMSO on both the mechanistic and kinetic 
aspects of the defluorination process will be investigated.
4
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2. Surface Modification of Halogenated Polymers.
In this chapter the properties and crystal structure of poly(vinylidene fluoride),
(PVdF), will be discussed, followed by a review of the literature on the degradation of 
halogenated polymers, poly(vinyl chloride), (PVC), poly(tetra fluoroethylene), PTFE 
and that ofPVdF itself. The use of catalysts and solvent to accelerate the reaction and 
the mechanisms of degradation with and without the catalysts will be discussed.
2.1. Poly(vinylidene fluoride).
The properties, crystal structure and crystallinity ofPVdF are affected by the method 
of manufacture, processing and treatment carried out after manufacture3,4. These 
aspects and the current research aims are discussed below.
2.11. Properties.
PVdF was first produced in 1961 and has been commercially available since 1965. 
PVdF is a semicrystalline polymer containing 59.4 wt% fluorine, created from the 
addition polymerisation of the monomer 1,1-difluorethene, CT^=CT^. The 
polymerisation is a free radical process producing a high molecular weight polymer:
-  (CH2-CF2 ),r
During the polymerisation process the molecular weight, molecular weight 
distribution and extent of irregularities along the polymer chain can be controlled.
The crystallinity (between 35-70%) depends on the method of preparation and 
thermomechanical history. These aspects will in turn affect the resultant properties of 
the polymer, such as, toughness, mechanical strength and impact resistance. Another 
factor that also greatly effects the properties ofPVdF is the crystalline form, which 
will be discussed in detail later.
The symmetrical arrangement of the hydrogen and fluorine atoms in the chain 
contributes to the unique polarity that influences the dielectric properties and 
solubility, of the polymer, as well as the crystal morphology.
5
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PVdF is a high performance thermoplastic with resistance to harsh environments, 
which are chemical, thermal, ultraviolet weathering and oxidising or high-energy 
radiation in nature. Although the chemical properties ofPVdF are not quite 
comparable with that of fully fluorinated polymers, PVdF can be readily melt- 
fabricated by standard methods of moulding and extrusion or can be solvated by polar 
media to form coatings, unlike the fully fluorinated polymers. The mechanical 
properties are typical of a tough engineering thermoplastic with good mechanical 
integrity from -  60 to 150°C. The method of preparation ofPVdF ensures low 
contamination, requiring no stabilisers and can therefore be used in circumstances 
where high purity is required. The dielectric properties and polymorphism are 
associated with an extraordinarily large piezoelectric activity discovered in 1969 5. 
Table 2.1 shows typical mechanical properties ofPVdF.
Property Value
Molecular Weight of monomer 64.04
Melting Point, Crystalline,°C 155-192
Specific Gravity 1.75-1.8
Mold shrinkage, average, % 2-3
Machining Qualities Excellent
Flammability Self-extinguishing, nondripping
Tensile Strength, MPa, 25°C 38-52
100°C 17
Creep, 13.79 MPa, 25°C for 10,000 h, % 2-4
Compressive Strength, 25°C, MPa 55-90
Modulus of Elasticity, at 25°C, GPa,
Tension 1-2.3
Flexure 1.1-2.5
Compression 1-2.3
Density (depends on % crystallinity) 1.68-1.97
Thermal Degradation Temperature (°C) 390
Table 2.1. Properties of PVdF3.
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2.1.2. Crystal Structure.
The five crystal forms ofPVdF, alpha (a), beta (p), gamma (y), delta (5) and eta (s), 
like linear polyolefins, involve lamellar and spherulitic structures6,7. The size and 
distribution of domains as well as the kinetics of crystal growth depend on the method 
of polymerisation8. The polarity of the crystal forms produces the high dielectric 
constant, and affects the crystal morphology and solubility. The a  phase chains pack 
with dipole moments antiparallel forming a monoclinic unit cell structure shown in 
Figure 2.1.2.1 (a), whereas the p phase chains pack with dipole moments parallel, 
forming an orthorhombic unit cell. Figure 2.1.2.1 (b).
H H a -phase
H H
b = 9 .6 4  A
Æ -phase
o>
Figure 2.1.2.1. The PVdF unit cell structures of (a) the monoclinic unit cell structure 
of the a  phase, (b) the orthorhombic unit cell structure of the p phase, after Lovinger8.
The a  phase forms platelet-like crystals called lamellae, which in turn, form a 
spherulitic structure, as shown in Figure 2.1.2.2. The p phase, on the other hand, is 
usually formed from the mechanical deformation of the a  phase (below 90°C), this
7
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causes a break up of the spherulitic structure, aligning the crystals in the direction of 
the force.
(a) (b)
Spherulite
Molecule
Nucleus
Crystalline
lamella
Amorphous region
Figure 2.1.2.2. (a) The typical appearance under the polarising microscope 
of spherulites ofPVdF, crystallised from the melt at 160°C. The large spherulites are 
the a  phase, the small the y phase. The dark crosses correspond to the optical 
polarisation directions of the microscope, (b) The schematic representation of the 
structure of polymer spherulites. After Lovinger8.
The a  and (3 phases are the most common, the former arising from the normal melt 
fabrication processes and the latter develops from mechanical deformation of the a  
phase. The a  phase is trans-gauche, the hydrogen atoms and fluorine atoms are 
alternately placed on each side of the carbon chain. In these chains each second 
gauche is rotated in the opposite direction to the prior gauche. Antiparallel chain 
packing neutralises the intrinsic structural polarity. The (3 phase is an all-trans chain 
conformation with the fluorine atoms on one side and the hydrogen atoms on the other 
leading to its high piezoelectricity and pyroelectricity. This gives a zigzag structure 
for the chain. The a  and (3 forms are shown in Figure 2.1.2.3.
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All-trans
Figure 2.1.2.3. The chain structure of, (a) the a  phase, and (b) the p phase, after Guy 
and Unsworth6.
The lack of polarity of the a  phase is a result of the internal compensation of the 
dipole moments. The 8 phase occurs under distortion of the a  phase in high electric 
fields, whereas the y phase is created from the a  phase at higher temperatures 
(~160°C). The s phase is a non-polar form of the y phase but is only formed at very 
high temperatures (>160°C). For the purpose of this research we are only concerned 
with the most common phases, a  and p. In PVdF the two most favourable torsional 
bond arrangements have substituents at 180° to each other (trans) or at ± 60° 
(gauche").
9
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2.2. Degradation of Polymers.
There is a large amount of literature available on the degradation of halogenated 
polymers. Poly(vinyl chloride) (PVC) is the most widely investigated, and there are 
many papers discussing the kinetics of dehydrochlorination of PVC and the 
mechanisms involved.
The literature on the dehydrochlorination of PVC will be briefly discussed, as the 
mechanisms could be relevant to PVdF degradation. The literature on PTFE and 
PVdF will also be discussed to gain an insight to the dehydrofluorination of 
fluorinated polymers, although the literature in this area is sparse.
2.2.1. Polymer Degradation.
The formal definition of degradation is “breaking down o f structure When
considering degradation of polymers it is generally considered as the reduction of 
molecular weight, for example chain scission. This will lead to deterioration of the 
polymer properties. There are four main sources of such degradation:
1) Thermal irradiation
2) Oxidation
3) Irradiation (through use of X-rays, y-rays, ion bombardment, and so on.)
4) Chemical mechanisms
There are other mechanisms of polymer degradation, e.g. environmental stress 
cracking, however this is a localised process. In relation to the current work we are 
only concerned with the last method of degradation, however a review of the other 
methods of degradation could result in a better understanding of the phenomenon 
itself. Two general mechanisms of polymer degradation have been identified, random 
and depolymerisation. Random degradation is similar in nature to stepwise 
condensation polymerisation. Along random points of the polymer chain, chain 
rupture or scission occurs. During chain depolymerisation however monomer units 
are expelled from the chain by a depropagation (or unzipping) process. The two 
mechanisms may occur separately or in conjunction with one another. Initiation may 
occur through many different mechanisms as described above and may be random or
10
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generated at specific weak parts of the chain. Different polymer treatments can lead 
to chain scission, crosslinking and elimination reactions. The stability of a polymer 
depends on both the strength of bonds and the number of bonds in a characteristic 
polymeric unit. For example, during chain scission the C=C is stronger than the C-C 
bond, therefore an unsaturated polymer will be more stable, than a saturated polymer. 
Another example is the greater stability of cross-linked polymers, or polymers 
described as ladder polymers, as these contain more bonds than chains that are not 
branched.
2.2.2. Dehalogenation Reactions.
Degradation mechanisms of polymers are specific to the type of polymer under 
investigation. PVdF, PTFE and PVC are all halogenated polymers, halogens have an 
electron withdrawing-effect on the polymer. Typical reactions undergone by 
halogenated polymers are dehydrohalogenation, i.e. the loss of a hydrogen and a 
halogen atom from the polymer chain, and nucleophilic substitution reactions9'12.
The dehydrohalogenation reaction, or elimination reaction, known in organic 
chemistry as the E2 reaction, is initiated by the reagent attacking the hydrogen atom 
and usually takes place in the presence of a strong base producing an alkene. The E2 
reaction takes place in one step with no intermediates. As the base attacks the C-H 
group a proton is abstracted from a carbon adjacent to the halogen group, the 
hydrogen of the C-H bond is removed. A carbon-carbon double bond begins to form 
and the leaving group begins to depart, taking with it an electron pair from the C-Ha 
bond (where Ha is the halogen atom). The elimination reaction is shown below:
Where B is the base and Ha is the halogen atom.
The reaction can occur with the hydrogen and halogen atom either on the same side of 
the molecule known as syn periplanar, or where they are on opposite sides of the
H Ha H Ha
11
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molecule referred to as anti periplanar. The most energetically favourable reaction is 
the anti periplanar, which is most suited to the p form ofPVdF, as the halogen and 
hydrogen atoms are on opposite sides of the carbon chain in this crystal form. 
Therefore elimination reactions are more prevalent in the p crystal form ofPVdF than 
the a  form.
Other reactions that can occur in the presence of a strong base are nucleophilic 
substitution reactions known as Sn2 reactions. The OH" ion is the nucleophile and the 
lone pair of electrons attack the carbon that is attached to the halogen. The 
nucleophilic attack is 180° away from the departing halogen, leading to a transition 
state with a partially formed C-OH bond and a partially broken C-Ha bond. The C- 
OH bond forms fully and the halogen ion departs with the electron pair from the 
former C-Ha bond. The substitution reaction is shown below:
8“
H Ha
I I
- e ç — C (H a)^-
I f 6+
H S -
An important factor affecting the likelihood of nucleophilic reactions is steric 
hindrance. Obviously the transition phase involves an extra bond being present, and 
therefore bulky side groups would hinder the formation of this transition state. It is 
important to point out here that the atom being replaced greatly effects the probability 
of a nucleophilic reaction occurring. Under normal conditions the fluoride ion is 
more strongly attached to the carbon than the attacking ion would be, as a result of the 
high electronegativity, and therefore nucleophilic substitutions do not occur in 
fluoropolymers under normal conditions.
2.2.3. Degradation of PVC
In the energy storage cell, the environment with which we are concerned is sodium 
hydroxide (NaOH), pH -13, in such a case the degradation is of a chemical nature. 
However the main interest in PVC, in the literature involves thermal degradation. A 
large amount of research has been carried out in this area and experts are generally 
agreed on the application of such a mechanism of degradation, although the exact
12
H Ha
I !
- C Ç — C (H a)A- 
H B
H Ha
I I
~ t C — Ç -) -  +  Ha" 
H B
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mechanism involved is still controversial. The mechanism is generally accepted as 
being the same as that for poly(vinylidene chloride), which leads to the belief that this 
mechanism could be applicable to PVdF. The general consensus of opinion is that 
thermal degradation of PVC occurs by the zipper mechanism13'28. This is based on 
the elimination reaction discussed above where dehydrohalogenation occurs.
2.2.3.1. The Zipper Mechanism.
Hydrochloric acid elimination initiated at one point along the macromolecule forms 
an active allylic chlorine (that is the chlorine next to the double bond). The 
elimination reaction progresses very rapidly to form a conjugated polyene (alternating 
single/double bond structure) sequence of between one and thirty double bonds 
passing along only a short section of the polymer chain.
 (CHi CHCl)^^  vwvwv‘ (CH=CH— CH—CH— OH? CHCl)^vwvv‘
The processes involved for the chain reaction termination are also a cause for dispute. 
Suggestions relating to defect structures are often invoked. The PVC structure is 
based on alternating links of CH2-CHCI, the CHC1 is regarded as the head and the 
CH2 the tail. Defects occur when a head to head, or tail to tail link is formed. It is 
thought that such defects could lead to the termination of the zip. Hillemans et al13 
suggest that other reactions may compete with the zipper mechanism e.g.
VWVW^C=C)^WW + VVWVVV(C=C}£^ -------->» Crosslinked products
’zwvwy(C=C)nvwvv‘ + O2   ► Oxidised products
vwww^q=q^wvvvv> + HC1 ^  Shorter polyenes
The electronic structure of the carbon backbone of linear polymers that are not 
conjugated in nature consist of mainly a-bonds, with the possibility of isolated %- 
electronic levels. This leads to a large energy gap between the valence and
13
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conducting bands, therefore the polymer is insulating in nature. In a conjugated 
system however, the alternating double and single bonds form a delocalised structure, 
which lowers the energy gap. The polyene sequence that is created can be present in 
the different forms, cis-transoid, trans-cisoid, or trans-transoid. These forms are 
shown and discussed below, they relate the position of the double bonds in the chain 
and the resulting bond angles. The polyene chain can change between these different 
types of isomers with the help of the medium they are in, and can effect the 
degradation that occurs via the zipper mechanism. For example Bacaloglu and 
Fisch14,15 add their ideas to the zipper mechanism (which they name “zipper 
elimination”) by suggesting that chain termination occurs due to the presence of a 
stable trans-double bond with the absence of hydrogen chloride (HC1) to catalyse the 
trans-cis isomérisation.
It is generally agreed that during thermal degradation of PVC formation of a polyene 
structure occurs, like that observed in polyacetylene. In polyacetylene, shown below:
~i—C=C—)n
or other polyenes, as discussed above, one of the factors affecting degradation is 
isomérisation from trans to cis or vice versa. There are also structural defects to 
consider such as solitons (discussed below) which are connected to isomérisation 
factors but do not appear to depend on the percentage of isomérisation occurring29"31. 
In order to review the literature relevant to this field it is first necessary to introduce 
the concepts and mechanisms of defect structures in polymers of this type. 
Polyacetylene is highly crystalline, there are three common geometries for 
polyacetylene shown in Figure 2.2.3.1.1.
There are very small energy differences between the different forms, the trans- 
transoid is thought to be more stable than the cis geometries, and isomérisation of cis 
to trans structures can occur at room temperature.
14
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Cis-Transoid
 /  \  /  s  /  \  /  \
Trans-Cisoid
Trans-Transoid
Figure 2.2.3.1.1. Geometries of polyacetylene. The bold lines represent the short 
bonds (these are slightly longer than normal C=C bonds) and the faint bonds represent 
the longer bonds (somewhat shorter than normal C-C bonds). After Chien29.
If a chain were interrupted in such a manner as to introduce another isomer, unpaired 
spins would evolve at the point of structural alteration as shown in Figure 2.2.3.1.2.
Figure 2.2.3.1.2. Formation of a soliton. After Chien29.
This type of neutral defect is called a neutral soliton, has no charge, has spin one half 
and is delocalised and highly mobile in trans-polyacetylene. As is shown in the 
diagram the isomérisation of the cis-transoid structure to trans-transoid leads to two 
single bonds forming next to each other (or may occur with two double bonds next to 
each other). This interrupts the conjugated structure and the extra electron (or in the 
case of two double bonds, the hole) forms the defect structure. Although the creation 
of neutral defects is necessary to initiate isomérisation it is not associated with all the 
processes involved in structural isomérisation. Conducting polymers rely on these 
types of defect structures to conduct electricity, the electrons or holes are introduced 
into the polymer to transfer charge. The method of introducing these charge carriers 
is called doping. Doping can be achieved by introducing atoms with a greater number
- Chapter 2 Surface Modification of Polymers -
of electrons in the outer shell (n-type doping) or atoms with a lesser number of 
electrons (p-type doping).
n* molecular orbitals =  ■= = conduction band
n molecular orbitals =  = = valence band
neutral soliton positive soliton negative soliton
Figure 2.2.3.1.3. The soliton state. After Salaneck31.
The soliton state is a non-bonding molecular orbital, as shown in Figure 2.2.3.1.3.
The neutral soliton is formed from one-half a state, one from the valence band and 
one from the conduction band. This is the combination of a ^-bonding and a 
7c-antibonding molecular orbital. Two neutral solitons will be created at the same 
time. The soliton itself has no free-radical characteristics even though it is 
represented in the zigzag planar structure above as an unpaired spin. Polyacetylene is 
an insulating material with a conductivity of 10"9 Q^cm'1, however on doping, the 
polymer develops an extrinsic conductivity. The doping can occur in two different 
ways.
1) The dopant reacts with an existing neutral soliton. Removal of an electron, or 
p-type doping, converts a neutral soliton to a positive soliton. Electron 
donation, n-type doping, on the other hand produces a negative soliton. All 
these forms of solitons are shown in Figure 2.2.3.1.3.
2) The oxidation of polyacetylene by a p-type dopant forms a positive polaron P+, 
or delocalised radical cation. The polaron is a combination of a neutral defect 
and a charge defect and produces two defect levels above and below the fermi 
level as shown in Figure 2.2.3.1.4. Reduction of an n-type dopant produces a 
negative polaron P*, or delocalised radical cation. The bonding polaron state
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- Chapter 2 Surface Modification of Polymers -
of the negative polaron is fully occupied whereas the antibonding polaron state 
has only a single occupancy, as shown in Figure 2.2.3.1.4.
= = ^ ^ = =  7C* molecular orbitals = = = = =
—  — f-
- H -
% molecular orbitals ....... — --------
positive polaron negative polaron
Figure 2.2.3.1.4. The bonding state of a positive and negative polaron. After 
Salaneck31.
In non-degenerate ground state polymers such as polyacetylene, individual solitons 
interact forming spinless charged bipolarons, as in the case of the example shown in 
Figure 2.2.3.1.5.
71* molecular orbitals conduction band
n molecular orbitals valence band
example of a bipolaron
Figure 2.2.3.1.5. The bonding state of a bipolaron. After Salaneck31.
Molinié et al16 refer to the zipper mechanism in the thermal dehydrochlorination of 
PVC. They suggest that they can control the rate and mechanisms of PVC 
dehydrochlorination as well as the cis/trans configuration and length distribution of 
the conjugated polyene sequences developed in the polymer backbone. This is 
achieved by selecting the appropriate medium. The thermal degradation of PVC is 
controlled by the interaction of the ^-electrons of the double bonds formed with the 
solvent. The redox or doping power of the solvents interacts with the ^-electrons of
17
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the double bonds to form polarons, as discussed above. It is suggested that the double 
bonds present, as defects, in PVC are the initiation sites for dehydrochlorination13. 
Polarons are created from these sites, and one of several mechanisms will occur16.
The first involves a non-redox or non-doping agent, here the dehydrochlorination 
reaction will propagate via the zipper mechanism, as described earlier. However in 
the presence of solvents that favour trans-cis isomérisation (e.g. 1,2,4- 
trichlorobenzene, and pyridine), neutral solitons are readily formed from the 
delocalisation of the ^-electrons. These form in the trans conjugated polyene 
structure by the interchange of alternative bonds. The deficiency in electron density 
leads to the deactivation of the allylic chlorine atom, the methylene hydrogen then 
becomes activated. This has the effect of splitting the methylene hydrogen via the 
neighbouring normal chlorine atom, expelling HC1 in the process, which is then 
repeated. When considering an electron acceptor or oxidising solvent, the double 
bonds are oxidised into double polarons, and the mechanism of dehydrochlorination 
proceeds as described above. Bipolarons can be formed by the oxidation of a neutral 
soliton by a solvent molecule. In this case the hydrogen atom of the methylene group 
is highly activated, therefore the rate of reaction is increased. The mechanism is the 
same as that proposed for electron acceptor compounds such as Lewis acids or in the 
presence of oxygen. Solvents that are considered electron donors (e.g. 
dimethylformamide) form negative polarons from the reduction of the double bonds. 
Overactivation of the allylic chlorine atom occurs as a result of the extra negative 
charge present. The neutral soliton activates the hydrogen atom of the methylene 
group. If this neutral soliton is then reduced by another solvent molecule a negative 
bipolaron can be produced. In this way normal chlorine atom becomes activated as 
well as the already overactivated chlorine atom. This leads to HC1 expulsion from the 
chain twice, and explains the fast degradation rates that occur as a result of electron 
donor solvent medium.
2.2.4. Chemical Degradation of PVC.
Owen et a l27 treated PVC in NaOH at 70°C with the aid of the phase transfer catalyst 
(PTC) tetrabutyl ammonium hydrogen sulphate (TBAHS). The reaction that occurs, 
in non-oxidative conditions, is thought to be similar to thermal degradation i.e.
18
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dehydrochlorination occurs with formation of HC1 and a distribution of polyene 
sequences.
 '(CH2 CHCl)n—  --------► — (CH=CH)nvvvv* + nHCl
In the presence of oxygen additional reactions can lead to chain scission, cross-linking 
and oxygenation of the polymer.
2.2.5. Degradation ofPVdC.
Simon17-26 suggests that the initiation step, the formation of the olefinic sites in the 
polymer chain, takes place at random. He has investigated the degradation of PVC 
under various conditions (inert, HC1, and oxidative atmospheres) as well as other 
halogenated polymers, poly(vinylidene chloride)24 and poly(vinyl bromide)32.
He has suggested three main different Zip Mechanisms;
1. Autocatalytic mechanism: random initiation with gradual zip growth.
2. Autocatalytic mechanism with immediate zip growth.
3. Autocatalytic mechanism with immediate zip growth and 
catalysed initiation.
In the first case the initiation of the zip mechanism occurs at random, the rate of the 
propagation of the zip is comparable with the rate of initiation. An interesting feature 
of this model is that the zip termination does not take place, i.e. the zips run into each 
other or find a defect structure. The autocatalytic zip mechanism with random 
initiation and immediate zip growth (mechanism 2) is representative of thermal 
dehydro chlorination of PVC in an inert atmosphere. In this case the initiation forms 
at random, the zip propagation is unidirectional, the propagation rate is much greater 
than initiation rate and therefore zip growth is considered immediate. The olefinic 
sites formed on dehydrochlorination catalyse the formation of further olefinic sites 
leading to a longer polyene chain. PVC in an oxidative atmosphere or in an 
atmosphere of HC1 and PVdC are thought to degrade by mechanism 3. This refers to 
the initiation step being catalysed, and propagation proceeds through the polyene 
sequences participating in the formation of olefinic sites in non-dehydrochlorinated
19
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sequences of the chain. This idea is also put forward by Harrison et al28 when 
discussing base-catalysed dehydrochlorination ofPVdC. The definition of zip 
propagation is more vague in this case but ties in with mechanism 3 above. Harrison 
et al28 not only discuss the E2 mechanism, but also nucleophilic substitution of the 
chlorine by a hydroxide or alkoxide ion, providing a method of inclusion of oxygen 
into the sample.
2.2.6. Chemical Degradation of PTFE.
There is also literature referring to the degradation of PTFE, in one case, as a result of 
ammonia and hydrogen plasma treatments on the tetra-etch treated polymer, via the 
Gore process (Badey et al33). This commercial Tetra-Etch process reacts the sample 
with a sodium-naphthalene complex in solution in ethylene glycol dimethyl ether.
This form of chemical treatment causes defluorination, as well as incorporating 
oxygen species in to the surface. The other case involves reaction with sodium atoms 
(Badyal et al34) producing conjugated polyenes, as the primary reaction product, as 
shown below,
Formation of conjugated polyene type structures 
 (CF2 CF2 )n’A/vvvv +2nNa --------► vwwv(CF=CF)nvwwvv‘ + 2nNaF
Followed by the secondary reactions of polymer backbone cleavage, see Figure
2.2.6.1, the sodium ions react with the PTFE to form free radical centres and NaF. 
Firstly the cleavage of the C-F bond occurs as a result of low energy valence 
mechanisms, forming -CF* + F * radical species. Nucleophilic attack of the PTFE 
chain via the NaF molecule will lead to the formation of CF3 species and an 
unsaturated PTFE chain. The rearrangement and crosslinking of these chains is 
depicted in Figure 2.2.6.2. The free radical centres react with other PTFE chains to 
create cross-links and create chain scission.
20
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Figure 2.2.6.1. Chain Scission as a result of chemical degradation of PTFE. After 
Badyal et al34.
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Figure 2.2.6.2. Formation of cross-links in the chemical treatment of PTFE. After 
Badyal et al34.
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2.2.7. Degradation of PVdF.
There are a number of papers concerned with the radiation-induced degradation of 
PVdF as well as that of thermal degradation. Presently there appears to be very little 
information on the chemical degradation of PVdF
2.2.8. Thermal Degradation of PVdF.
Munir et al35 studied the thermal degradation of PVdF using thermogravimetry (TG) 
and thermal volatilisation analysis (TVA) combined with infrared and mass 
spectrometry. These results indicate a mechanism of HF elimination proceeding 
along the chain, as shown in Figure 2.2.8.1. Deprotonation of the CH2 group, results 
in the removal of the neighbouring fluorine atom, the driving force is the production 
of a double bond, this process continues along the chain in the same manner as the 
zipper mechanism discussed earlier. This process competes with backbone scission 
and depropagation to the monomer as shown in Figures 2.2.8.2.
Formation of a polyene
vwwCHa— CF2—CH2— CF2—  CH2— CF2—CH2— CF2"""*
C — H scission
▼
— CFj— CH2---- CF2 — CH CF2 — CH2  — CF2,'VWVWV‘
HF +
T
— CH2— CF2— CH2— CF— CH----CF2— CH2 — CF2-----
T
Further loss of HF along the Chain
Figure 2.2.8.1. Thermal degradation of PVdF, forming a polyene structure. After 
Munir et al35.
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Chain scission
vwwCHa— CF2 —CH2— CF2 —  CH2— CF2 —CH2— c p 2 vwww'
Backbone scission
— CH2— CF2— CHi •CF2— CH2— CF2— CH2 — CF2-----
-HF
CF2 — CH— CF—CH2— CF2 WWVW CF2  CH2  CF2 vwvwv‘
+ C H 2=-C F 2
CF2= C H — CF = C H 2 + "CF2— CH2^
Figure 2.2.8.2. Thermal degradation of PVdF through chain scission. After Munir 
et al35.
2.2.9. Radiation Induced Degradation of PVdF.
X-ray induced degradation of PVdF is known to reduce the crystallinity, it is 
suggested by Kawano et al36 that reduction of the crystallinity occurs preferentially in 
the a  form, the p form being less affected. Kawano et al36 also state that 
defluorination occurs resulting in the conjugated double bond structure, as shown in 
Figure 2.2.9.1. Zhong et al37 irradiated the PVdF with 6 0Co, and Moël et al38 used 
heavy Kr ions, they both suggest that unsaturation occurs along with crosslinking 
reactions on the application of radiation. Moël et al38 observe the removal of both 
fluorine atoms of the CF2 group in PVdF on the forming of an unsaturated chain and 
HF production. They discuss a mechanism where on irradiation the (C-H) bond is 
excited to an antibonding state (discussed earlier) (C-H)*. The hydrogen bond exists 
in the PVdF backbone between the H and F atoms. The weakening of the (C-H) bond 
reinforces this hydrogen bond, which encourages HF desorption along the polymer 
backbone. No attempt is made to explain the manner in which two fluorine atoms are 
removed at once from one carbon atom. Zhong et al37 go a step further, by suggesting
23
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that once cross-linking has occurred, unsaturation can occur at the site of cross- 
linking. They investigated the change in this mechanism at higher temperatures 
(150°C), where they propose that crosslinks occur preferentially at the CF2 sites, this 
is a result of the instability of the -CF2-CFF-CF2- radicals in relation to CFfz-CF'-CF^. 
At lower temperatures ~20°C, crosslinking is less selective. Rosenberg et al39  
consider y radiation and argue that crosslinking and chain scission (Figure 2.2.8.2) are 
the main mechanisms in irradiation degradation of PVdF. It is believed that the 
scission of the C-C bond is related to the high electronegativity of the fluorine atom. 
This creates a positive charge distribution around the carbon atoms leading to 
repulsion and weakening of the C-C bond. The chain scission leads to the formation 
of free radicals, such as, -(CH2-CF2*).
X Radiation
/
 CH2  CF2  CH2  CF2  CH2 — CT^ wvvvw
▼
   CH2— CF2 ----- C H ^C F  —  CH2  CF2vwww + H
Figure 2.2.9.1. Radiation degradation of PVdF.
2.2.1.0. Chemical Degradation of PVdF.
Degradation of PVdF occurs in the presence of hot concentrated alkalis. Badyal et 
al40 have investigated degradation of PVdF in aqueous lithium hydroxide solution and 
suggested that a conjugated polyene is produced.
-(CH2-CF2)- + LiOH -»  -(CBNCF)- + LiF + H20
The same reaction occurs with other alkalis and additions such as phase transfer 
catalysts according to the authors Kise and Ogata41 Dias and McCarthy42, Hahn 
and Percec43, Cho and Song44 and Brewis et al45. However these are not the only 
reactions that are believed to occur. This reaction scheme does not account for the 
oxygen found incorporated into the surface.
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2.3. The Phase Transfer Catalyst Reaction
The majority of chemical treatments of PVdF involve an additional reagent known as 
a phase transfer catalyst. PTCs were mentioned earlier where the use of TBAHS in 
NaOH for the chemical degradation of PVC was discussed. The catalyst is thought to 
plasticise46 the PVdF and bring the OH" into closer proximity to the substrate for 
reaction. A possible role of the PTC as a surfactant, was investigated by Brewis et 
al45. He showed that the PTC mechanism is much more complex than that of a 
surfactant, as surfactants do not influence the reaction to this extent. Phase transfer 
catalysts, as the name suggests, are concerned with transferring chemical species 
between different phases, often, as in this case, between an organic and aqueous 
phase. The reacting salt is transferred into the organic medium in the form of ion 
pairs. The traditional procedure is to dissolve the reactants in a homogeneous 
medium, sodium salts do not dissolve in non-polar organic solvents, and neither do 
salts of inorganic anions with small cations. However large onium cations solubilize 
in hydrocarbon salts even when associated with hydroxide ions (which by nature are 
organophobic). Ion pairs are neutral entities, which are formed by association of 
oppositely charged ions. These pairs are held together by Coulombic forces, however 
strong interactions involving the solvent medium can also contribute. Ion pairs co­
exist in equilibrium with free ions and are a thermodynamically distinct species:
[ Q®Xe ] Q® + X e
Contact between the solute and solvent molecules leads to ion-dipole interactions, the 
extent of which is described by the solvation number. The stability and properties of 
the ion pair are determined by this interaction, and therefore the nature of the solvent 
as well as the dissolved compound is very important. The media used in such 
reactions can be divided into three groups:
1) Polar Protic Solvents: These solvate both anions and cations by means of
hydrogen bonds i.e. the solvents acidic hydrogen atoms (which are attached to an 
electronegative atom such as -OH) act as a hydrogen bond donor. However the 
large quaternary ammonium cations remain unsolvated. These solvents usually 
lead to high dissociation into free solvated ions, anion reactivity can be low due to 
strong shielding by the solvation shield.
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2) Polar Aprotic Solvents, e.g. DMSO: These types of solvent readily solvate the 
cations, whereas the anions are only poorly solvated, giving high reaction rates. 
The anions are poorly solvated because all the hydrogen atoms are strongly 
bound and therefore cannot act as proton donors. The salts are highly dissociated 
in aprotic solvents.
3) PTC Reactions: Usually these proceed in aprotic solvents of low polarity.
Organic quaternary onium salts are normally quite soluble. Ion pairs are the 
dominant species in such an environment, free ions being rare. Interactions 
between the solvent molecules and the ion pairs are weak, therefore reaction in 
the organic media is fast.
Hydroxylic solvents may provide a slow reaction medium due to extensive solvation 
of the anion. Aprotic solvents are usually superior, however they can be difficult to 
remove and can be expensive. Correct selection of solvent for desired reaction is 
therefore important.
The original definition of PTCs is as follows:
“Phase transfer catalysis permits or accelerates reactions between ionic compounds 
and organic, water-insoluble substrates in solvents o f low polarity”.46 
There are many secondary reactions that can occur when in the presence of a strong 
base such as NaOH, however the main PTC reaction can be summarised below:
ORGANIC PHASE RX+ [ Q e Y e ] —— ► RY + [Q ®X®]
INTERPHASE _________i ____ _______________ _ I _____r --------
AQUEOUS PHASE Na® Y® X e
The catalysts are known to completely dissociate in solution. When heated (~90°C) 
other side reactions can become important. The Hofmann Rule9 ,1 0 ,1 2 ,4 5 ’4 7  states that if 
a quaternary ammonium salt contains an ethyl then ethylene is formed preferentially 
to any other olefin on decomposition. This is true of any group that is not a methyl. 
This indicates that PTCs such as tetrabutyl ammonium bromide (TBAB) are able to 
undergo dissociation in the presence of concentrated hydroxides forming butene, a 
tertiary amine and water.
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(C4H9)4 N+Br + OH" - > (C^B^N + CH3-CH2-CH =CH2 + Br + H20
This produces a tributylamine, which can nucleophilically attack the allylic fluorine 
that is present in partially defluorinated PVdF, as depicted in Figure 2.3.1. as shown 
by Hahn and Percec43 and Brewis et al45. This is obviously not the intended PTC 
reaction, but a secondary reaction, which could interfere with the overall yield. The 
main PTC reaction is discussed by Cho and Song44, the catalyst combines with an 
OH" ion which in turn nucleophilically attacks the fluoride forming a conjugated 
polymer as described in Figure 2.3.2.
 CH2 — CF2  CH2 — CF2----CH2 /WVVW‘
OH
CH% CF]— CH— CF----- CH2 VWVWV‘ + HF
Ç4 H9 
C4 H9 — N •' x
C4H9 \
-F
A
 CH2------CF— CH——CF— CH2vwww' + p"
Nucleophilic
substituion
 CH2 ----- CF— CH=-CF----- CH]^— '
C4 H 9 N— C4 H 9
C4H9
Nucleophilic substitution 
of fluorine by tributylamine
Figure 2.3.1. Nucleophilic attack of the PVdF substrate via the PTC.
After Brewis et al45 and Hahn and Percec".43
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Ç4H9 Ç4H9
C4H9 — N— C4H9 Br + OH -------► C4H9-----N+— C4H9 OH" + Br
C4H9 C 4 H 9
Catalyst combines with OH
^ C H 2 —CF2 CH2 —CF]---- CH] — CF2a/vvvvv‘
OH
vwww CH] CF]— CH—CF— CH]— CF] vvwvw‘ + HF
C4H9 \
C4H9  N + C4H9 OH
C 4 H 9
Nucleophilic attack
Ç4H9
vwwvv> CH— CF— CH— CF—CH]----CF2WVVV* + H]0 + C4H9 ----- —C4H9 F
C4H9
Figure 2.3.2. PTC nucleophilic attack of hydroxide ion on PVdF substrate. After Cho 
and Song44.
2.3.1. Oxygen Incorporation.
Brewis et al45 and Kise and Ogata41 both suggest reactions occurring that would 
explain the oxygen which they observed in the polymer, following the reaction. They 
have treated the PVdF with:
1) PTC and potassium hydroxide.
2) Alcoholic potassium hydroxide.
3) Aqueous potassium hydroxide (Brewis et al45 only)
Both groups agree that treatment with alcoholic potassium hydroxide leads to oxygen
species being incorporated into the surface. Kise and Ogata41 state that conjugation of
double bonds and formation of triple bonds occurs in both cases, however that the
formation of ether and hydroxyl groups is restricted to the alcohol treatment. The
hydroxyl groups are formed by the nucleophilic substitution of the hydroxide ions for
2 8
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fluorine atoms, the ether linkages resulting from nucleophilic substitution of 2 - 
propoxide or polymeric alkoxide ions. Brewis et al45 conclude that oxygen species are 
being readily formed in the catalyst treated polymer, along with double bond 
formation, this model is shown in Figure 2.3.1.1. The oxygen species formed 
according to Brewis are hydroxide and carbonyl groups. The hydroxide groups can 
further stabilise themselves by intramolecular hydrogen bonding forming a five 
membered ring, shown in Figure 2.3.1.2. Brewis et al45 also found carbonyl groups 
and double bonds in the aqueous potassium hydroxide treated samples.
vwvwv CH2— CF2— GHh— CF2-----CH2— CF^vw
OH
T
 CH,— CFz—CH=CF—CH2—CF2   + HF
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Figure 2.3.1.1. Incorporation of oxygen species into the surface of the PVdF after 
treatment with potassium hydroxide (aqueous, alcoholic and combined with PTC), 
Brewis et al45.
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Five membered ring
Figure 2.3.1.2. Hydrogen bonded cyclic structure, proposed as a result of chemically 
treated PVdF. After Brewis et at45.
In all cases dehydrofluorination occurred with the formation of conjugated double 
bonds. Hahn and Percec43 suggest that this could occur by the zipper mechanism, 
terminating at head to head or tail to tail defects. The conjugation length they 
observed was on average 13 units long. In their material a defect occurs once every 
14 units, supporting the theory of defect termination. The majority of work reports 
that oxygen species are being incorporated into the surface. Conjugated double bond 
structures such as polyacetylene have been used as the starting material for 
conducting polymers. Electrical conductivity measurements were carried out on 
treated PVdF samples by Kise and Ogata41 and Dias and McCarthy42. Prior to doping 
conductivity values of 10'9 - 10‘8 Cl' 1 cm' 1 were observed. After doping with iodine (a 
popular dopant of polyacetylene) conductivity values as high as lO'4 Cfl cm"1 were 
recorded.
The literature shows that application of heat and use of a PTC increases the rate of 
degradation of polymers in concentrated hydroxide solutions. Chemical degradation 
of PVdF leads to dehydrofluorination and formation of a conjugated polyene, as well 
as incorporating oxygen species into the polymer. There appears to be a route by 
which an intrinsically conducting polymer may be created through the chemical 
degradation of PVdF.
DMSO has been selected for use as a solvent for PVdF, in the next section the 
chemistry of DMSO will be discussed in relation to the modification reactions that the 
PVdF may undergo.
30
- Chapter 2 Surface Modification of Polymers -
2.4. Dimethyl Sulphoxide (DMSO).
CH3  —  S—CH3
o
DMSO can be visualised as a tetrahedron, the sulphur atom occupies the centre, and 
located at the apex positions are the two methyl groups, an oxygen atom and the non­
bonding pair of electrons.
DMSO is a highly polar aprotic solvent with a high boiling point, low volatility, good 
thermal stability, and is miscible with water at all concentrations. The solvent is 
suitable for many organic and mineral products. DMSO is highly hygroscopic and 
hydrophilic and can be extracted from most organic solvents by water. It is not 
known to form azeotropes and is therefore easily separated from water by distillation. 
DMSO is an excellent solvent for polar or polarisable substances, being infinitely 
miscible with aromatic solvents, alcohols, ketonic solvents and halogenated solvents. 
It is also a good solvent for many polymers, bases and mineral salts. PVdF is known 
to swell in DMSO at 20-30° C, at higher temperatures reaching 80°C PVdF is thought 
to dissolve in DMSO. Ionic substances are solubilised easily as a result of the 
solvation of the cations around the oxygen of the sulphoxide. Sulphates are generally 
insoluble in DMSO, however the degree of solvation of anions is primarily dependent 
on their size. DMSO is thermally stable up to temperatures of 150°C, and is generally 
stable in alkaline conditions, NaOH is a suitable environment for DMSO. However 
sodium hydride and potassium tert-butoxide react with DMSO to produce the 
“dimsyl” ion, this must be handled with great care as the reaction of this ion with 
oxygen, carbon dioxide and water can be explosive.
2.4.1. Advantages of DMSO 48.
The high polarity and high dielectric constant provide DMSO with a great solvent
power. The intense cation solvation of the oxygen atom from the sulphoxide
increases reactivity of the anions. Cations are much more solvated by DMSO than
anions. DMSO is perfectly stable in alkaline conditions and the high boiling point
allows it to be used over a wide range of temperatures. For these reasons DMSO is
the perfect polar, aprotic solvent for reactions such as nucleophilic substitutions or
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base catalysed eliminations. The base catalysed eliminations, in this case, are the 
result of the attack of the negative OH' ion on the electron-deficient end of a polar 
bond, in this case the CH2 8@-CF2 50.
2.4.2. Association with DMSO.
Electron donor-acceptor molecular complexes are in equilibrium with ion pairs, which 
as discussed earlier can dissociate to form free solvated ions.
DMSO has two acceptor points:
1) Oxygen atom - this has the highest electron density.
2) Sulphur atom -  exhibits nucleophilic properties as a result of the lone pair of 
electrons (despite the partially positive character)
The oxygen atom, however, is the only one considered for proton attack.
2.4.3. The DMSO-Water System.
It is well known48"50 that there is a strong interaction between water and DMSO. One 
molecule of DMSO associates with two molecules of water as shown below:
OH2
(CH3)2S=0 H-O-H
Water molecules dissolved in DMSO are subject to strong dipole-dipole interactions 
resulting in a partially ionic state. In fact DMSO-water interactions are stronger than 
intermolecular self-association of water molecules.
2.4.4. Nucleophilic Reactions.
All reactions that involve electrophiles, that do not react with DMSO, and 
nucleophiles which are more strongly solvated in protic solvents as opposed to 
DMSO, react at a much faster rate than in protic solvents. The accelerated action of 
DMSO compared with protic solvents is more obvious in reactions involving anionic 
nucleophiles as opposed to molecular-molecular interactions. This is a result of the 
poor solvation of the attacking anions, which in DMSO cannot be deactivated by 
hydrogen bonds that are formed in protic solvents. Further advantages of DMSO as a 
solvent for nucleophilic reactions result from DMSO being a good solvent for neutral 
molecules and salts. When dissolved in DMSO sodium ions reduce their reactivity
32
- Chapter 2 Surface Modification of Polymers -
and basicity by ion-pair formation. It is possible that nucleophilic substitutions will 
be encouraged by the use of DMSO as a solvent.
2.4.5. Elimination Reactions.
High polarity, low nucleophilic reactivity, and relatively high basicity are all solvent 
properties displayed by DMSO, which are suitable for the occurrence of elimination 
reactions. The rate of these reactions is greatly increased when the solvent switches 
from water to water DMSO mixtures.
2.5. Concluding remarks.
Degradation of PVC, PVdC, PTFE and PVdF by thermal radiation, irradiation, and 
chemical attack has been reviewed. In all cases the degradation leads to the formation 
of double bonds and in most cases formation of conjugated polyenes. In all cases 
dehydrofluorination has occurred, however the exact steps that are involved are not 
known. Initiation is generally thought to occur at random sites on the polymer 
backbone. When considering PVC and PVdC propagation of the polyene chain is 
thought to occur by the Zipper mechanism. Chain termination may occur either at 
defects or through other processes, such as oxidation, which is especially prevalent in 
the case of chemical degradation. Cross linking, and chain scission are more probable 
in radiation and thermal degradation.
The chemical degradation of PVdF samples can occur by treatment with strong 
caustic solutions to provide a dehydrofluorinated structure containing double bonds. 
The reaction rate of the chemical dehydrofluorination of PVdF is increased by three 
factors, raising the temperature, increasing the concentration of alkaline environment, 
and by using a catalyst. It is possible that through the use of a protic solvent, such as 
DMSO, that the reaction rate will increase, although a change in degradation 
mechanism is not expected.
Chemical degradation of PVdF leads to dehydrofluorination and formation of a 
conjugated polyene, as well as incorporating oxygen species into the polymer. There 
appears to be a route by which an intrinsically conducting polymer may be created 
through the chemical degradation of PVdF.
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3. Analysis Techniques.
3.1. The Chemical Analysis of Solid Surfaces.
One of the most widely used techniques to investigate the chemical modification of PVdF is 
FTLR (fourier transform infra red spectroscopy)(41"45). Owen et al27 also used FTIR for the 
analysis of modified PVC. FTIR is useful as the types of chemical bonds present can be 
identified by the wavelength of absorption lines in the spectra. The difference between a 
C-C, C=C or a C=C are obvious in FTIR spectra and are of great importance in the chemical 
degradation of halogenated polymers. ATR - FTIR (attenuated total reflection) is more 
surface specific than FTIR, this is useful as the chemical modification of PVdF occurs at the 
very surface of the sample. This technique was used by Brewis et al45 as a result of its 
surface specificity.
Raman spectroscopy is a complementary vibrational spectroscopy to FTIR. Certain types of 
bond are more active in Raman then in FTIR, the C=C bond being a prime example, 
obviously making Raman an important tool in this area. Raman spectroscopy was used by 
Hillemans et al13 to investigate the degradation of PVC and by Fajgar et al51 to investigate 
laser degradation of PVdF. Conjugation length is investigated by the Raman technique and is 
therefore likely to be a useful tool in assessing chemical modification of PVdF.
X-ray photoelectron spectroscopy (XPS) determines the chemical state of the elements 
present in the sample and is therefore considerably useful in this area. XPS is also more 
surface specific then the other techniques mentioned here and has been used for the analysis 
of degraded PVdF37,38.
Characterisation of degraded PVdF has been carried out by other techniques including NMR, 
contact angles, fluorescence excitation spectra, thermogravimetric analysis (TGA), thermal 
volatilisation analysis (TVA), differential calorimetry (DSC), transmission electron 
microscopy (TEM), and scanning electron microscopy (SEM). However these techniques 
are less suitable for determining chemical modification mechanisms and kinetics, and are 
therefore used less frequently in previous research. In summary the techniques that were the
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most popular from the literature for investigating degradation of halogenated polymers are 
listed below:
• FTIR, FTIR-ATR.
• UV-VIS.
• XPS.
All these techniques have been used in the current work to study the surface modification of 
PVdF with alkaline media. There are three other techniques that have been selected for use 
in this research, time of flight secondary ion mass spectrometry (ToF-SIMS), Raman 
spectroscopy and Rutherford backscattering spectrometry (RBS). The former technique is 
very surface specific analysing the top few monolayers of the sample surface. The mass of 
ion fragments, sputtered from the sample through bombardment with 69Ga+ ions, reveals 
structural information about the sample that is not available through XPS analysis.
Raman spectroscopy, as discussed earlier in the degradation of PVC, has the unique ability of 
detecting symmetrical structures which are not excited by the infrared spectrum. Chemical 
species such as those containing conjugated carbon double bonds forming polyene structures, 
can not only be detected using this technique, but length of the polyene structures created 
can also be ascertained. It appears from the literature (Chapter 2) that polyene structures 
form during the chemical modification of PVdF, therefore this technique is very important.
The last technique to be considered is RBS, this can provide elemental depth profiles from
0 . 1  up to 1 0  pm in depth in to the sample. This technique is ideal to study the kinetics of the 
surface modification process, once outside the analysis depth of the surface specific 
techniques XPS and ToF-SIMS.
In this chapter the basic principles of the chosen techniques are described. XPS and ToF- 
SIMS are the main techniques used in the current research, therefore a brief discussion of the 
history of the technique as well as an insight to the instrumentation is presented in the 
following chapter.
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3.2. X-ray Photoelectron Spectroscopy.
The main aims of the current work requires knowledge of the chemical species formed at the 
polymer surface. Analysing the change in the species with the differing treatments and time, 
provides a means of determining the mechanism of surface modification and kinetics of the 
process with which we are concerned. XPS can provide identification of the chemical state 
of the material being analysed. The composition of the sample can be obtained in a manner 
of elemental percentages so that it is easy to compare meaningfully two samples of a similar 
type. Therefore enabling a comparison of surface compositions as a function of different 
treatments. XPS does not however have good spatial resolution. Two different XPS 
instruments are used in this work, the VG Scientific ESCALAB MK11 spectrometer at the 
University of Surrey, and the Scienta ESCA 300 at Daresbury. The differences in these two 
instruments will be discussed in this chapter as each part of instrumentation is explained. The 
ESCALAB MK11 spectrometer was been used for preliminary experiments, whereas the 
Scienta ESCA 300, which has greater resolution, has been used to determine the chemical 
groups that were indistinguishable from spectra produced on the ESCALAB MK11 
spectrometer. Once these groups were determined, the knowledge was used to aid the fitting 
of the lower resolution ESCALAB MK11 spectra.
Insulators can be examined by XPS, although electrostatic sample charging will occur. The 
survey spectra and carbon Is spectra of PVdF are shown in Figure 3.2.1. The carbon Is 
spectra of PVdF has two well defined peaks at binding energies of 290.8 and 286.3eV and 
typical linewidths of 1.3 and 1.4eV (in a high resolution instrument, using monochromated 
XPS) for the CF2 and CH2 respectively. These peaks are equal in area, indicating that there 
are the same percentages of the two groups, CH2 and CF2. The shifts in closely related 
structure tend to be dominated by local electron densities, this detailed chemical information 
may be acquired by taking into account shifts in the binding energy, for a certain energy level, 
together with the relative intensities of different peaks. When considering polymers the 
spectral interpretation is dominated by this chemical shift of the carbon Is. Fluorine is highly 
electronegative so it induces large shifts in the carbon Is peak of fluorocarbons, from 
between 1.3 - 8.0 eV, as shown in Figure 3.2.1. The individual linewidth of the carbon Is in 
a high-resolution instrument, such as the Scienta ESCA 300 at Daresbury, is usually around 
1.3 eV, therefore giving clear indication of the chemical structure. The ESCALAB MK11
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spectrometer at Surrey has a carbon linewidth of about 1.6 ev, using the usual analysis 
conditions.
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Figure 3.2.1. XPS spectra of PVdF film, analysed on the Scienta ESCA 300, (a) survey 
spectrum, (b) Cls Spectrum
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There is a vast amount of literature available describing many aspects of XPS52"54, only a brief 
overview of the relevant areas will be discussed in this Chapter.
3.2.1. A Brief History of XPS.
In 1887 Hertz used X-rays to excite photons, he had discovered the photo-electric effect. 
Rutherford and his colleagues in Manchester used hard X-rays to bombard metals, analysing 
the energies of the electrons that were ejected. In 1914 Rutherford stated the basic equation 
for XPS, however in this first attempt the work function of the spectrometer was omitted.
Ek = hv -Eb Ek = kinetic energy of photoelectron,
Eb = binding energy of electron, 
hv = exciting photon energy.
After the First World War Robinson, a member of the Manchester group continued work in 
the photoelectric effect. Maurice de Broglie also carried out research in France, both groups 
using photographic detection. The technique developed rapidly, with photoelectron spectra 
of many elements being recorded. In 1925 Pierre Auger carried out cloud chamber 
experiments which led to an understanding of the Auger series, which up until then had not 
been fully understood. In the 1940’s, making use of the advances in p-ray spectroscopy led 
to Kai Siegbahn, from the University of Uppsala (Sweden), proposing a technique in which 
the electrons emitted as a result of X-ray irradiation were analysed in a magnetic energy 
analyser. He constructed an XPS instrument with capability of measuring the kinetic energy 
of photo electrons with a resolving power of 10"5. In 1951 Steinhardt and Serfass (Lehigh 
University, Bethlehem, PA, USA) reported surface effects of the technique, whilst 
investigating the use of XPS for surface chemical analysis. In 1954 the high kinetic energy 
side of the peaks were resolved as the core electrons that suffered no energy loss, in this way 
the kinetic energy of the photo- electrons and therefore the binding energy of the electrons 
could be determined accurately. This lead to the observation of core level shifts resulting 
from the chemical environment in which the element resided. In 1967 Siegbahn coined the 
term electron spectroscopy for chemical analysis (ESCA) as the title of his book, this 
terminology is still widely used today although the term X-ray photoelectron spectroscopy 
(XPS) is more spectroscopically exact. The first commercial XPS instruments appeared in
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1969, the first ultra-high vacuum (UHV) system arrived in 1972 when the real surface 
sensitivity of XPS was first appreciated. The first polymer spectrum, 
poly(tetrafluoroethylene), (PTFE), was reported in 1971 by Clark and Kilcast. During the 
1980’s instrument performance increased considerably, Gelius et al developed an instrument 
of high sensitivity and high energy resolution in 1989 (the Scienta ESCA 300). Coxon et al 
produced direct parallel imaging with less than 10 micron resolution, in 1990.
3.2.2. The XPS Process.
The technique itself involves bombarding the sample in ultra high vacuum (UHV) with soft 
X-rays. The X-rays cause the sample to emit photoelectrons whose energies are then 
analysed by the detector to give the XPS spectrum as shown in Figure 3.2.1. The XPS 
process is shown in Figure 3.2.2.1, the X-ray photon interacts with an electron in a K shell 
causing the emission of a Is photoelectron. This leaves a K shell vacancy, which can then be 
filled by an electron from a higher level, leading to either the radiationless de-excitation 
process of Auger emission or X-ray fluorescence.
Vacuum
Ejected K electron 
(Is photoelectron)Incident \  
X-ray (hv)
Fermi level
'2,3 /
Emission of photoelectron by soft X-ray 
Figure 3.2.2.1. The XPS process.
The electron binding energy is related to this kinetic energy as shown in the equation.
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Ek = hv - Eb - W .. ..equation 1
Where hv is the characteristic energy of the X-Ray photo electron, W is the spectrometer 
work function, Ek is the kinetic energy of the ejected photoelectron and Eb is the incident 
binding energy of the core level photon energy. As the other two terms in the equation are 
known, the binding energy is easily calculated. Other terms must be considered in this 
equation e.g. a correlation term for sample charging yet this is usually an unknown quantity, 
and is irrelevant in this discussion, because this can be corrected in processing of the data.
The binding energy of an electron results from the difference between the energy of the 
neutral molecule in the ground state and the positive molecular ion in the excited state.
When considering conducting polymers55, the kinetic energy distribution in the XPS spectra 
correspond among other things to the various excited final states of all the molecular ions 
remaining in the sample. Therefore, for this class of materials, all the possible final states of a 
photoionised atom should be observed as satellites, however this is not the case. The 
intensity usually resides in one peak that corresponds to a particular excited final state of the 
photoionised atom formed by the removal of a single electron from a specific discrete initial 
state of the neutral molecule. XPS is used to determine the electronic and chemical state of 
the system under investigation, a connection between this required information and the 
information obtained (that of the XPS spectra) must be ascertained theoretically or 
experimentally. A theoretical manner to achieve this is present in the form of the one 
electron model. As discussed above there is a connection between the major peaks in an 
XPS spectrum and the electron molecular orbital energy levels in a neutral molecule in the 
ground state. The length of time it takes for a photo-emitted electron to leave the molecular 
environment is long enough to allow electronic relaxation, however not long enough for 
nuclear relaxation. This allows the electrons to relax, or polarise, relative to the electron hole 
created by the removal of the electron, yet the nuclei can be interpreted as frozen and cannot 
change in time from their neutral state. As a result of this the electronic relaxation leads to 
many electron corrections leading to shifts in the XPS spectra and formation of satellite 
structures (these will be discussed later on). These large final-state relaxation affects are not 
observed in insulators such as PVdF as a result of the inability of the electrons to relax. In 
these cases Koopmans’ Theorem is valid: electron orbitals remain frozen during
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photoemission. However on modification of the PVdF it is shown that an intrinsically 
conducting polymer may be formed and therefore structures such as shake-up satellites may 
be produced. Figure 3.2.2.2 shows the connection between the one-electron model and the 
XPS spectrum. Figure 3.2.2.3 shows several situations that can occur represented by the 
one-electron model.
BINDING ENERGY OF ELECTRONS
INTRAMOLECULAR
ELECTRONIC
RELAXATION
INTERMOLECULAR
ELECTRONIC
RELAXATION
il
KINETIC ENERGY MEASURED
(WIDE RANGE X PS SPECTRUM)
Figure 3.2.2.2. The one-one correspondence between the one-electron energy levels and the
major features of the XPS spectrum. After Salaneck56
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Where,
Mo = The neutral molecule in 
the ground state.
M0* = Neutral molecule, excited 
state. Optical excitation.
M+ = The molecular ion in the 
ground state. On-set of 
photoemission.
M+* = Molecular ion, excited state, 
(core hole). Core level 
Photoelectron emission.
M+** = Molecular ion, excited
State (core hole and valence 
excitation). Shake-up on 
core- level photoemission.
Figure 3.2.2.3. The different transitions that can occur in the 1 electron model. After
Salaneck31
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Correlation of binding energy and charge has been attempted however final state effects are 
universally accepted as the main component of the chemical shift. Binding energies are 
usually determined experimentally from well-characterised samples.
3.2.3. Spectral Interpretation.
From the above discussion it is obvious that the binding energy of an electron does not vary 
with X-ray source but may change slightly as a result of the surrounding chemical 
environment, and this is an intrinsic material property. The change in the binding energy as a 
result of the change in chemical environment is called the chemical shift. The spectra 
obtained for PVdF will contain a strong carbon Is peak set that can be computer curve fitted 
to show the unfunctionalised carbon and the fluorocarbon species leading to two peaks of 
equal height57 see Figure 3.2.1. The more electronegative fluorine atoms effect the carbon 
atom, they are attached to, in such a way, as to increase the binding energy of the carbon, 
therefore shifting the peak up the binding energy scale. This phenomenon is a result of the 
initial state of the polymer i.e. charge on the atom.
When dealing with insulators such as PVdF other factors such as sample charging should be 
taken into consideration. Charging occurs when the sample being analysed by XPS is an 
insulator. The electrons that are excited by the X-rays that are bombarding the surface 
cannot be replaced and, therefore the material near the surface of the sample where the 
electrons are lost acquires a positive charge. This retards electrons that are produced and 
this leads to a slight shift in the kinetic energy. Therefore charging causes a lowering in the 
kinetic energy of the peak, shifting it up the spectrum on a binding energy scale. Charging is 
uniform across the spectrum and can easily be compensated for by correcting the position of 
a known peak to the standard position and using this change in binding energy to correct the 
other peaks present. The magnitude of the shift observed as a result of electrostatic charging 
of polymers can vary from a few eV to several hundred eV in the case of a monochromator. 
It is for this reason that in monochromatic AlKoc XPS an electron flood gun is used for the 
efficient management of surface charge.
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The identity of the constituent atoms of the sample is obtained from the main, core level 
electron, peaks in the XPS spectrum. The chemical nature (magnitude of charge transfer 
between different species) is ascertained by shifts in these core-level binding energies. 
Electronic structure features of the system can be deduced from satellite structures observed 
on major core-level peaks. Auger transitions can also lead to additional chemical information 
of the atomic constituents, if they are core-like in nature.
3.2.3.1. Valence Band Structure.
The valence band structure observed at low binding energy (typically 0 to 35eV), enables the 
density of electronic states to be estimated. The valence band relates to the initial occupied 
states, as a result of the kinetic energy of the valence photoelectrons in their final states being 
devoid of structure. When characterising polymers the valence band can be used in a 
fingerprinting manner to identify the polymer. When considering electroactive polymers the 
valence band structure will reflect that of the polymer and dopant present. The valence band 
of an XPS spectrum can provide useful information regarding molecular orbitals and density 
of states. Valence electrons in the bonding orbitals contain many closely spaced levels giving 
rise to the familiar band structure. Because of linewidth limitations of the X-ray source and 
poor photoelectric cross-section of X-rays for these levels these spectra are improved when 
recorded using UV light (Ultraviolet photo electron spectroscopy, UPS). However XPS 
valence band structure can be used in a fingerprinting mode for differentiating samples that 
have similar core lines, e.g. polyethylene and polypropylene. Rigorous interpretation of such 
spectra can be achieved using molecular orbital calculations e.g. the multiple scattered wave 
Xoc calculations used by Sherwood et al, 1992 58.
3.2.3.2. Auger Electrons.
Auger emission occurs in the XPS spectrum when an electron is photoejected leaving a 
vacancy which is then filled by an electron from a higher level. The excess energy is 
consumed in the emission of an electron from a higher energy state, this is termed an Auger 
electron. Therefore in the Auger process two electrons are emitted and one electron has 
dropped down to the core hole from a higher energy state. Chemical shifts also occur in the 
Auger spectra, providing it is a core-core-core transition, e.g. the VKL2SL23. These shifts are 
often larger than comparable shifts in XPS, as a result of the greater influence of relaxation in
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the former process. In some instances the Auger chemical shift is more useful for chemical 
state identification than the XPS shifts. The combination of these chemical shifts can be used 
to define an Auger parameter.
ot — E k+ E b - hv
Ek = Kinetic energy of the most intense Auger transition.
Eb = Binding energy of the most intense photoelectron line.
Electrostatic charging does not effect the Auger parameter, this is a big advantage in 
insulating samples which it can be applied to readily. A chemical state plot (Wagner Plot) 
can be used to display the Auger parameter. A change in the position normal to the lines of 
the diagonal grid is indicative of the different chemical environments of the element 
concerned. Not all elements produce Auger peaks in the conventional limits of the A1 Koc 
and Mg Koc sources and higher energy sources can be used for some elements. Fluorine 
Auger electrons can be produced within the A1 Koc and Mg Koc binding energy ranges as the 
¥KL23L23 has a kinetic energy of 655 eV, which is equivalent to a binding energy of 832 eV 
in the former radiation and 599 eV in the latter.
3.2.3.3. Secondary Structure in XPS.
As well as core photoelectron lines and electrons that are inelastically scattered there are 
electrons that undergo characteristic energy losses as they are ejected from the sample.
These losses result from the promotion of electrons from core or valence bands of an atom to 
a higher energy level. A small peak on the higher binding energy side of the core level is 
observed as a result of such losses. These phenomenon are described as shake-up satellites, 
multiplet splitting and plasmon excitation.
Shake-up satellites occur through the promotion of a valence electron to a higher energy 
level as a result of interaction with an ejected photoelectron. When an atom has undergone 
photoemission, the loss of the electron leads to the valence electrons associated with the 
atom experiencing, what appears to be, an increased nuclear charge. As a result of this the 
valence electrons reorganise, this reorganisation is termed relaxation. Relaxation may
44
- Chapter 3 Analysis Techniques -
involve excitation of an electron to an unfilled level, as stated above this is termed shake-up. 
Energy for such a transition is not available to the primary photoelectrons and therefore the 
two-electron process leads to a discrete structure on the low kinetic energy side of the 
photo-electron peak - the shake-up satellite. The kinetic energy is only slightly reduced and 
therefore the satellite structure occurs at only a slightly higher binding energy. Shake-up 
satellites in polymers are most visible in the bonding to antibonding transitions in aromatic 
organics, which have intensities between 5-10% of the primary peak. Although the 
transition in carbonyl containing polymers and conjugated structures can be observed the 
peak intensity is a lot lower than that of the aromatic polymers. Vinylic unsaturation leads to 
a shake-up satellite at 7 eV from the primary Cls peak. Strong satellites are also observed 
for transition metals and rare earth compounds with as lone pair of electrons in their 3d or df 
shells, the intensity are much greater than for aromatics, at least 1 0 %.
When the promotion of the valence electron, from the interaction with an ejected 
photoelectron, is such that the valence electron actually leaves the atom all together the 
feature is called a shake-off satellite. Shake-off satellites are usually not observed as a result 
of the broadness of the feature hidden within a large background of inelastically scattered 
electrons.
When the sample contains unpaired electrons in the valence band multiplet splitting of a 
photoelectron peak can occur. The splitting is a result of the different spin distributions in 
the electrons in the valence band structure. This results in the splitting of the core peak 
showing a doublet peak instead of the singlet peak expected, such as in the case of Ni 2 p3/2  
spectrum of Ni2+, where multiplet splitting may be useful in the characterisation of the 
different oxide lattices, as the spectrum changes significantly with change in chemical 
structure.
Plasmon loses occur in the spectra of clean metal surfaces. They originate in the conduction 
band where collective oscillations occur as a result of the energy loss of the ejected electron. 
The plasmon frequency (or multiples of this value) is observed as a characteristic series of 
peaks on the higher binding energy side of the main core line.
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Features that result from the instrumentation are also seen in XPS spectra. A twin anode X- 
ray source (e.g. A1 Koc and Mg Koc ) can have Ka3,4 satellites about lOeV below the main 
Koc 1,2 which are about 10% of the intensity of the main peak. Other features include 
incidental radiation such as that from an oxidised anode, damaged anode or cross-talk from 
the complimentary side of the twin anode as a result of bad alignment. If these features 
occur it is important that they are identified, even though their peaks are not intense, 
otherwise they can make data interpretation difficult.
3.2.4. Quantification.
The intensity of the peaks in an XPS spectra are related to the relative abundance of the 
element concerned. During acquisition of an XPS spectrum, the flux of photo electrons 
produced can be related to the photoelectric cross-section (a) for the element and electron 
energy level with which we are concerned, as well as the X-ray source used. Tables of the 
photoelectric cross-section have been produced. An anisotropy term, L(y),for 
unmonochromated X-rays is required to obtain the probability of photoelectrons being 
ejected from a sample into the direction of the electron energy analyser. This anisotropy 
term is shown in the equation below:
L(y) = 1 + 0.5P(3/2sin2y-l)
Above, P is a constant representing a given core level and y is the angle subtended by the 
incident radiation and electron optics of the energy analyser. This formula provides the angle 
(57°) at which no asymmetry correction is required, and most commercial spectrometers are 
designed for operation at this angle. A quantitative XPS analysis is given through using the 
equation below:
I(z)= Jsin0[Z]a j* exp(-sin/Xsin6 )dx x (-d/A,sin0)K
Where I represents the number of photoelectrons at a specific energy level from a specific 
element. Z is the element concentration, J is the photon flux, the XPS sampling depth is 
incorporated in the integral term, the inelastic mean free path is X. The photo-electron take 
off angle is 0, and K represents the instrumental factors, for example, analyser energy, 
detector efficiency etc. Through the use of this equation and others, which are relevant, XPS 
spectra can be quantifiable. However in practice the use of these equations is reduced, this is
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achieved by using atomic sensitivity factors that have been determined experimentally. A 
reliable method of quantification is achieved in this approach for the investigation of samples 
of similar treatment. One of the major uncertainties in quantification is the definition of peak 
area and removal of the background of inelastically scattered electrons. There are three main 
types of background that are used, the Tougaard background, the Shirley background and 
the linear background. Theoretically the Tougaard background is favoured however there is 
little understanding of how to use this background and what the extra information obtained 
from it relates to. Castle et al are presently fitting the background by the use of a single 
shape parameter kappa, however this work is still in the development stage. The Shirley 
background (an S shaped background) is proportional to the intensity of the peak concerned, 
this works well and is easily implemented but is purely an empirical solution. The linear 
background is more sensitive to iteration points leading to operator variability, however this 
is easy to implement.
It has been shown that the rise of a background in a peak position could be due to a buried 
layer in the sample. The electrons from the layer below the surface are scattered more then 
those at the surface leading to a broader peak which is hidden in the rest of the inelastically 
scattered background and is therefore only seen as a rise in background. This background 
rise must not interfere with the peak fitting of the main peak and must be considered in 
combination with other spectral features to determine whether or not there is a hidden layer 
present.
Through angle resolved XPS (i.e. varying the angle between the sample and the X-ray 
source) a compositional depth profile can be obtained of the chemical species present in the 
near surface region.
In a typical XPS spectrum the characteristic core level peaks appear against a background of 
inelastically scattered electrons along with the X-ray induced Auger emissions and the 
valence band spectrum (0 - 35eV). The emitted photoelectrons must travel from the sample 
surface towards the energy analyser, gas molecules that are encountered on the way will 
cause these electrons to scatter causing them to be lost from the spectrum. Therefore the 
fewer molecules available in the analysis chamber, the less likely these collisions will occur, 
leading to better spectra. For this reason UHV must be used (~2xlO' 10 mbar). UHV also
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reduces the likelihood of contamination occurring in the spectrometer, a low value of which 
is beneficial for a good spectrum.
3.2.5. Instrumentation.
The components of an XPS spectrometer are;
1) Source of X-rays,
2) Analysis chamber with sample stage where the sample is placed,
3) Electron analyser
4) Detector.
Each part of the spectrometer will be discussed briefly with relation to needs for spectral 
acquisition and interpretation. A VG Scientific ESCALAB MK11 is shown in Figure
3.2.5.I.
Figure 3.2.5.1. A VG Scientific ESCALAB MK11, at the University of Surrey.
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3.2.5.1. Sample Restrictions.
The sample must be small enough to enter the port of the analysis chamber and have 
sufficiently low vapour pressure, so that it is stable in the UHV environment of the 
spectrometer. Spectrometers are now available that can cope with 8  inch silicon wafers, as 
they have been specifically designed for the large sample size. Insulators can be examined in 
XPS just as readily as semiconductors or conductors. Planar samples are preferable however 
powders and fibres etc. can also be successfully analysed. The analysis area of XPS depends 
on the instrument design, but is usually about 1 0 mm2, the sample must cover such an area for 
the analysis. The analysis chamber itself is manufactured from low magnetic permeability 
material such as p.-metal. UHV is achieved using either ion pumps or diffusion pumps with 
cryo-traps leading to a base pressure of 1 0 " 10 mbar, titanium sublimation pumps can reduce 
this pressure further. Usually a spectrometer has a separate airlock from the analysis 
chamber for ease of the introduction of samples and to retain UHV in the analysis chamber at 
all times.
3.2.5.2. The X-ray Source.
The anode is bombarded with high energy electrons from a heated filament to produce soft 
X-rays. The choice of material for the X-ray source depends on two important factors;
1. The line width of the electrostatic X-ray line generated must be narrow enough so that it 
does not limit the energy resolution required in the technique unduly.
2. The characteristic X-ray energy must be high enough so that a sufficient range of core 
electrons can be photoejected for unambiguous analysis i.e. all elements must have strong 
photoelectron lines.
Other factors include ease of anode manufacture and high thermal conductivity, allowing 
efficient heat dissipation at high power. The linewidth of the resultant peaks in the XPS 
spectrum partially depends on the natural width of the X-ray photon. Chemical information 
in the XPS spectra is extracted from detailed analysis of individual elemental spectra. The 
chemical shifts that occur in the individual elemental spectra, are a result of the contributions 
of the different chemical states present of that element. These shifts are often small and
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therefore require a high energy resolution so that the states can be distinguishable. Therefore 
the best energy resolution should be used commensurate with a good signal to noise ratio in 
the spectrum. The best resolution for this purpose in general analytical work is ~ 1 eV 
therefore characteristic linewidths should be less then 1 eV. This is the case for sources such 
as magnesium Koc (0.7 eV, hv = 1253.6 eV) and Aluminium Koc (0.85 eV, hv = 1486.6 eV). 
These line energies are also high enough for general analysis, the sources are also easy to 
fabricate and have good heat conduction characteristics, making them ideal as primary X-ray 
sources. In the ESCALAB MK11 these two sources are used in a twin anode configuration. 
Changing from one source to another is achieved by the use of a pair of filaments at ground, 
by simply switching the power from one filament to the other, a change between the two 
anodes occurs, which are held at a potential of 1 2 kV, the charge current is between 
20-34 mA. The ESC A3 00, on the other hand, uses an aluminium source and 
monochromator (described below) for increased resolution.
3.2.5.3. Electron Energy Analysers.
The energy distribution of the emitted photoelectrons is measured by the electron energy 
analyser. The XPS spectrum is a plot of intensity versus kinetic energy.
The resolution of XPS spectra depends on three factors:
1) The natural linewidth of the exciting radiation ~ 0.85 for unmonochromated aluminium 
sources.
2) The intrinsic width of the photoelectron line itself.
3) The analyser resolution.
Final state effects dominate the intrinsic width of the second term, however in polymers these 
effects are similar to the initial state making the relationship simpler. Because chemical shifts 
can be as small as 0.5 eV the analyser must have a resolution that is in this order. Generally 
the X-ray source linewidth is the controlling factor for spectral resolution, which lead to the 
development of monochromated XPS which will be discussed later in this chapter.
The electron energy analyser that is most popular for its high resolution is the hemispherical 
sector analyser (USA), as can be observed in Figure 3.2.5.3.1.
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To achieve a compact design, with the desired high resolution, the HSA is combined with a 
per-retardation stage. The HSA has a constant resolution across the entire energy range of 
the spectrum. This is achieved by using a constant analyser energy (CAE) mode otherwise 
known as a fixed analyser transmission (FAT) mode of operation.
spectrometer control unit
I—
channel L —.
electron 1 1 " ■ |
multiplier |
ELECTROSTATIC 
TRANSFER LENS—  - — — . —I and exit slit plotc X
amplifier
ANALYSIS CHAMBERi/i0.'
electron energy ——
Figure 3.2.5.3.I. Schematic of an electron spectrometer equipped with X-ray source for 
XPS, ion gun for sputter depth profiling, and an electron gun for AES. After Watts59.
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In this mode the electrons of a particular energy are allowed to pass between the hemispheres 
by the voltage that is applied across them. As a result of this the resolution is constant across 
the entire spectrum. High resolution is only achieved at the expense of sensitivity of the 
spectrometer at a particular pass energy. The pass energy selected therefore depends on the 
type of information required. Survey spectra are acquired at a much lower resolution than 
the detailed spectra of the core lines of interest, where chemical shifts are of interest.
Once the electrons are emitted from the sample the lens assembly transfers them to the focal 
point of the analyser. To retain the resolution as good as that of the X-ray source is not 
difficult, however this is achieved alongside a loss in sensitivity, at an unacceptable level. To 
retain resolution without loss of sensitivity the kinetic energies of the ejected photoelectrons 
are retarded to either a chosen analyser energy, the pass energy, or by a ratio. The pass 
energy or ratio is fixed during the acquisition of a spectrum. Therefore ejected 
photoelectrons are electrostatically retarded prior to entering the analyser, those that match 
the pass energy of the analyser are transmitted between the analyser hemispheres, then 
detected and counted by the electron detector. A spectrum of electron energy versus number 
of electrons detected is plotted. Another form of analyser that is commonly used is the 
cylindrical mirror analyser (CMA), this has lower resolution than the HSA and is therefore 
not the favoured choice for high performance photoelectron spectrometers. However CMAs 
are well suited to Auger electron spectroscopy (AES) and therefore spectrometers which 
utilise both XPS and AES will use this type of analyser in the double pass form. Both the 
ESCALAB MK11 and the ESC A3 00 use an HSA.
3.2.5.4. Detectors.
There are two types of electron detector available for XPS the channel electron multiplier 
(channeltron) and the position sensitive detector that is based on a resistive anode channel 
plate. The channel plate allows the spectrum under acquisition to be visualised in real time 
therefore allowing for experimental variables to be optimised. One-dimensional images 
(energy-direction linescans) can also be obtained that could potentially be the basis of 
imaging XPS. The channeltron provides a much greater dynamic range therefore in a sample 
of which both low and high counts are expected this is the preferred detector. The detector 
used in the ESCALAB MK11 is a triple multi channeltron array, which uses a coiled tube of 
semiconducting glass, which is connected to a collection cone of about 1 cm in diameter at
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the open end. Single electron counting is achieved by operating in an a.c. or pulsed mode. 
These pulses are received by a digital datasystem, and the intensity is displayed against 
binding energy or kinetic energy. The ESC A300 uses a multichannel detector with 
microchannel plates.
3.2.6. Depth of Analysis.
The inelastic mean free path of the ejected electrons determines the depth of analysis of XPS, 
which is usually 2 -5  nm, a very surface specific analysis. The Beer-Lambert equation :
Id = loo exp (-<//Xsin6 )
expresses emission of photoelectrons (Id) as a function of depth (d). In this equation Lo is the 
intensity of an infinitely thick, clean sample and 0  is the take off angle relative to the sample 
surface. From the equation the electron signal is shown to exponentially decay with depth. 
The XPS analysis depth has been shown to approach 3 A,, however this is heavily biased 
towards the surface and as much as 65% of the signal is from a depth of up to IX. The Beer- 
Lambert law indicates that by varying 0 the depth of the analysis can also be varied. This can 
be useful when dealing with very thin surface layers, to measure the depth of a layer or 
treatment depth or segregation of a species to the outer surface of the sample etc. By 
varying the angle of the sample in the spectrometer ( 0  in the expression), the depth of 
analysis is varied, this is called angle resolved XPS. Angle resolved XPS is not possible 
when dealing with depths more than 5nm below the surface, as this is below the typical 
analysis depth of XPS. To analyse at these depths a technique called depth profiling must be 
used. Depth profiling is achieved using inert ion sputtering which removes the top surface 
layers. Care must be taken during depth profiling to ensure that unique chemical reactions 
induced by the ion sputtering are not produced in the XPS spectra and interpreted as pre­
existent chemistry. Sputter depth profiling is not used in polymers as this is likely to result in 
damaging the polymer.
3.2.7. Spatial Resolution.
The spatial resolution can be improved by changing from large area XPS to small area XPS 
by different routes based on two methods. The first method is to operate the spectrometer in
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a defined source mode where the dimensions of the X-ray beam is reduced, the defined 
source system. The second is to modify the collection optics, the defined collection system.
3.2.8. Reduction of the X-ray Beam Size.
A microfocus monochromator source may be achieved with a spot size of 400 -  15 pm. The 
monochromator uses a quartz crystal. The X-ray source (usually aluminium) is diffracted by 
the quartz crystal, which focuses the X-ray beam into the spot size that hits the sample to 
improve resolution. The source of photons produced from the monochromator have a 
narrow distribution (0.4 eV) and has no satellite peaks or bremsstrahlung background. The 
dispersion of the X-rays by the crystal conform to the Bragg equation.
nX =2dsin0
n = diffraction order X = X-ray wavelength
0 = Bragg angle d = Crystal spacing
The thin quartz crystal is machined in a planar orientation and toroidally bent prior to being 
placed on the Rowland circle. The anode, crystal and sample are all placed on the 
circumference of the Rowland circle. This machining and bending of the crystal provides a 
superior geometry, the Johannson geometry. This extra cost of treating the crystal is rarely 
justified for the want of just a clean source. The size of the monochromator influences the 
X-ray spot size, which is about 0.05% of the diameter of the Rowland circle. The quartz 
1 0 1 0  plane is used in all commercial monochromators as this provides the conditions suitable 
for the A1 Koc X-rays. With slight adjustments the quartz crystal can also be used for other 
anodes, for example, a twin anode monochromator combination of AlKoc and AgLoc is now 
commercially available, where the diffraction order for silver is 2. The use of this system 
improves resolution substantially, the natural linewidth of the A1 Koc is reduced from 0.85 eV 
to 0.35 eV by using the monochromator.
A lower photon flux is a consequence of this type of arrangement, but this can be overcome 
by the large acceptance angle of the spectrometer. This arrangement provides small area 
XPS (SAX) and can also produce a photoelectron image, deflection of the x-ray irradiated
54
- Chapter 3 Analysis Techniques -
area is achieved in the Quantum 2000 spectrometer . The ESC A 300 monochromator 
consists of seven toroidally bent crystals of a-quartz ( 1 0 1 0  crystal planes) arranged on three 
Rowland circles. The quartz crystals are maintained at an elevated temperature of 55°C to 
ensure that external environmental temperatures do not effect the crystal lattice spacing. The 
monochromator on the ESC A 300 spectrometer is always used in conjunction with charge 
compensation (through use of a thermionic emission flood gun) to reduce problems caused 
by sample charging.
3.2.9. Defined Collection System.
This second method of improving spatial resolution is achieved by using a small aperture 
within the electron collection optics. The fine aperture if included in the slit plate can 
produce a virtual image of the sample which defines the collection area. The virtual image is 
defined by the aperture diameter divided by the transfer lens magnification. This inexpensive 
and convenient method of SAX is available on all commercial spectrometers. A pre-lens 
scanning device, the only extra, is required to electrostatically raster the virtual image across 
the sample producing an XPS microscope59.
Another method of changing the collection optics is by utilising the dispersion characteristics 
of the HSA, this can give some degree of positional information. In one plane of the analyser 
the spectral information is generated at the expense of the positional information. However 
in the non-dispersive plane positional information is retained leading to production of an 
energy versus position representation (imaging XPS) when using a position sensitive detector 
at the outer stage of the analyser. The collection optics method has not been employed on 
either instrument in this work, however it is available on the ESCA 300.
3.2.10. Summary.
XPS can be used successfully on insulators such as PVdF to obtain high quality chemical 
information. By correct instrument selection and experimental set up good spectra 
containing the desired information can be obtained. With reasonable knowledge of the XPS 
process and by considering all the features mentioned here an informed spectral interpretation 
can be achieved. There is potential to obtain a large amount of chemical information from
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XPS analysis. The results obtained by XPS should be used in conjunction with those from 
other techniques used.
3.3. ToF -  SIMS Analysis.
ToF SIMS provides chemical information of surfaces by the detection of sputtered atomic 
ions and molecular fragments. SIMS can detect hydrogen and distinguish between different 
isotopes, ToF-SIMS can also rapidly collect mass spectra simultaneously over the mass range 
selected, and structural chemistry from organic and inorganic materials can be obtained.
SIMS has extremely high sensitivity for all elements in the periodic table, therefore requiring 
surfaces to be free from contamination for accurate analysis of the sample surface. The 
spatial resolution can be high, but there are three main disadvantages of SIMS, the lack of 
inherent quantification and the inability to deal with volatile substances as a result of the ultra 
high vacuum required and the damage the process can inflict on the samples. SIMS has a 
surface sensitivity of about two monolayers making it the most surface specific technique 
discussed in this chapter.
There is very little in the literature on the SIMS analysis of PVdF, this could be a result of the 
general expense of SIMS along with complicated spectral interpretation. There appears to be 
no literature on the subject area of SIMS of degraded PVdF. Gôpel et al60 have used SIMS 
to show the difference between two different types of PVdF (hydrophilic and hydrophobic). 
Spevack and Deslandes61 have used SIMS to investigate the adsorption of dehydroabietic 
acid on PVdF. Static SIMS of polyacetylene has been investigated by Wee et al62,63.
The technique involves a primary ion beam that is focused on the target surface, for the 
purpose of sputtering secondary ions to be analysed in relation to their mass/charge ratio 
(m/z). There are three main different modes of operation of SIMS instruments as discussed 
below:
1) Dynamic SIMS -  Surface erosion occurs as a result of high current densities used for 
the sputtering of the secondary particles that are to be analysed. Fast concentration 
depth profiles can be achieved through this method, which is almost exclusively used 
for elemental analysis. The technique is obviously not surface specific as a result of
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the deep sample erosion. This technique is not suitable for use on polymers because 
of the damage caused by the high current densities.
2) Static SIMS (SSIMS) -  Uses a low primary ion current density, less than 
1013 ions cm'2, and therefore erosion effects are negligible. Therefore this 
technique is surface specific, i.e. restricted to analyses of the first few monolayers.
3) Imaging SIMS -  Images are produced through the raster scanning of a highly 
collimated ion beam across the surface area of interest. The production of high- 
resolution elemental maps occurs through the overlaying of maps of single elements. 
Three-dimensional maps can be produced through overlaying the elemental maps with 
those from progressively deeper layers.
In this work the samples are all polymeric in nature and therefore we are only concerned with 
SSIMS. In this chapter the process of SSIMS and the instrumentation will be discussed, the 
other modes of operation of SIMS is not in the scope of this work.
3.3.1. The History of SIMS.
The origin of SIMS lie with the experiments conducted by J.J. Thomson who in 1910 began 
research into the effects of positive rays, or ions, on a metal whilst involved in experiments 
concerning discharge tubes. He discovered that a small percentage of the emitted secondary 
ions were actually positively charged, whereas the majority were neutral species. J.J. 
Thomson utilised electric and magnetic fields to defect these particles, in 1913 the technique 
was used for the study of elemental isotopes. In 1931 Woodcock reported negative ion 
spectra with approximately unit mass resolution. In 1949 Herzog and Viehbock developed 
the SIMS instruments for analytical purposes, from 1950 Honig and co-workers at RCA 
laboratories were also involved in analytical SIMS development, and built the first 
commercial instrument in the 1960s. This was funded by NASA for the purpose of analysing 
matter brought back from the moon. Obviously this led to a wider appreciation of the 
technique which has been retained as a result of the applicability in the semiconductor 
industry. The suitability of SIMS in this field is a result of the need for in-depth, high 
sensitivity microanalysis, this need encouraged the development of high spatial resolution
57
- Chapter 3 Analysis Techniques -
instruments. The technique up to 1969 was not surface specific, often depth profiling was 
the aim or trace element analysis, today this form of the technique is called dynamic SIMS.
In 1969 however, Benninghoven, the University of Münster, developed SIMS for the 
purpose of surface analysis, by using UHV environments. This was achieved by using low 
primary ion currents over large areas. The term static SIMS (SSIMS) described the surface 
technique, the quadrupole mass spectrometers used could acquire spectra within sputtering 
time required for the first monolayer to be analysed on its own. From the work completed by 
the Münster group on organic layers adsorbed on metal substrates, a possibility of polymer 
analysis was highlighted and later investigated by Gardella and Hercules in 1980. One of the 
main problems incurred was the damage of the polymer surface from the ion beam, as well as 
sample charging effects, but these problems were overcome in 1982 by the ICI Plastics 
Division. Where Briggs and Wootton reported work on an instrument with a quadrupole 
mass spectrometer with high transmission and mass range, working under truly static 
conditions. In 1983 Briggs and co-workers demonstrated molecular imaging SIMS and the 
groups developments in SIMS continued throughout the 1980s. Benninghoven’s group 
developed time of flight instruments, with increased sensitivity, mass range and mass 
resolution in comparison with the quadrupole instruments.
3.3.2. The SSIMS Process.
The sample is placed in UHV and bombarded with a beam of positively charged ions.
Material is sputtered from the surface as mass fragments are sliced away from the top two 
monolayers. The penetrating primary ions become embedded in the sample and can cause 
damage. The depth of penetration depends on the primary ion energy but is usually a few 
nanometers for the primary ion beams used in SSIMS (discussed later). A high voltage 
accelerates the fragments, which are charged secondary ions, into the flight tube of the mass 
analyser. Spectra are obtained in either the negative or positive mode by collecting the ions 
in a mass spectrometer where analysis takes place.
SIMS has higher sensitivity to some elements then it does to others, for example, highly 
electronegative elements such as fluorine have a greater probability of electron capture and 
will be readily detected as negative ions. SIMS is also very sensitive to sodium where an 
electron is lost readily and therefore any sodium present will be observed in the positive
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spectrum. The chemical state of a surface may also have a major influence on secondary 
emission, which can lead to problems in the quantification of SIMS.
There are two process involved in the production of secondary ions, sputtering and 
ionisation. Whether these two process occur in unison or consecutively is still a matter of 
debate.
3.3.3. Sputtering.
The method of the sputtering process is universally accepted as described below. When the 
primary ion interacts with the sample matrix it does so in the manner of a collision cascade. 
There are two ways in which the bombarding ion can interact with the sample, the first 
through elastic collisions, as that of billiard balls in the subsurface, termed nuclear stopping. 
The second, electron stopping is an inelastic process, this is more relevant as the ion beam 
velocity increases. Under SSIMS conditions nuclear stopping accounts for most of the 
energy transferred to the sample. However there is evidence that electronic effects are still 
relevant when considering sputtering of insulators in the SSIMS mode. The cascade can 
disappear deep into the sample, however some will return to the surface causing atoms or 
atom clusters to be emitted. The mechanisms involved in the sputtering process are still 
controversial, but it is known that the secondary species are ejected at a remote point from 
the bombarding ion impact. Particles emitted as a result of ion bombardment, can be related 
to the hard sphere collision theory put forward by Sigmund in 198164 , i.e. the inelastic 
billiard ball interactions resulting in nuclear stopping. Four different types of particle can be 
emitted according to Sigmund,
1. Reflected primary ions.
The primary ions are involved with a head on collision with a particle in the surface 
between 1 0 ' 15 and 1 0 ' 14 seconds after impact, the ions are deflected and therefore act 
as particles emitted from the surface.
2. Single knock on sputtering.
This occurs at 10"15-10"14 seconds after primary ion impact, as a result of
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the direct collision process described above. Energy is transferred from the 
bombarding ion to the target atom in sufficient amounts to cause primary recoils only. 
If the recoil energy is sufficient the target atom is ejected and sputtering occurs.
3. Surface atoms that may be sputtered by the recoil energy.
These occur at 10"12 seconds after impact, the slow thermal sputtering, 
otherwise named the spike regime, is a consequence of the recoil atoms.
Most of the atoms are in motion as a result of the high spatial density of the sample
resulting in atom interactions.
4. Surface atoms or clusters can be ejected as a result of the collision 
cascade that occurs after the primary ion enters the solid sample.
The internal flux of the moving target atoms, between 10‘ 12 and 10"14 seconds after 
primary ion bombardment, leads to a linear cascade named slow collisional sputtering. 
As a result of the low spatial density of the moving atoms collisions between them is 
infrequent.
The forth particle emission, is the main type of emission process that is useful in SSIMS. 
These processes of particle emission are shown in Figure 3.3.3.1.
3.3.4. Ionisation .
The other process involved in the production of the secondary ions is ionisation. Whether 
this occurs simultaneously with sputtering or consecutively is still under debate. As 
mentioned earlier the majority of sputtered particles are neutral, secondary ions usually 
comprising only 1-5% of the product. Ionisation probabilities depend on the type of 
sputtered atoms and can vary by up to four orders of magnitude. For the current research 
the sample is organic and undergoing SSIMS, in this type of case the specific molecular 
structures are of crucial importance when considering the process of cluster ion emission.
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Figure 3.3.3.1. The SIMS process.
The method of ionisation depends on the sample and can be affected by type of bombarding 
ion, the relevant models to this research are discussed below. The primary ion beam used in 
this work is always 69Ga+, therefore the affect of ionisation does not change between 
samples.
3.3.4.1. Desorption Ionisation Model.
Cooks and Busch65 have investigated the SSIMS of organic materials and in 1983 they put 
forward the desorption ionisation model, which describes the cluster ion emission from the 
organic materials. They suggest that desorption and ionisation can occur as two separate 
events. The primary particle energy is absorbed by the sample molecules in small quanta 
thereby producing thermal or vibrational motion. Ionisation is restricted within the energy 
barrier associated with the surface, this limitation of ionisation is described by Cooks and 
Busch as the selvedge boundary. Ionised species that exist before impact, namely preformed 
cations or anions can be desorbed directly passing through the selvedge region into the 
vacuum without neutralisation. Neutrals on the other hand must experience an ionisation 
process, this is inefficient because the sputtered particles have a relatively small amount of 
internal energy and are some distance from the initial site of impact. Therefore the 
probability of ionisation is limited, and the number of reactions that an ion can undergo is
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restricted by the low energy associated with the molecules. Within the selvedge region 
ionisation of desorbed neutral clusters can occur by three different routes:
1) Attachment of small ions, such as Hf or halide ions,
2) Through electron impact,
1) Ion-molecular interactions.
Ions may fragment in the vacuum through unimolecular dissociation processes, this is 
governed by the parent ions internal energy and distribution between electronic and 
vibrational states. A summary of the desorption model is shown in Figure 3.3.4.1.
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Figure 3.3.4.1. The desorption model, after Cooks and Busch63.
3.3.4.2. The Nascent-Ion model.
This is the most widely accepted ionisation model, proposed by Gerhard and Flog66, and is 
shown in Figure 3.3.4.2. They proposed that electronic transitions occurred too readily for 
ions to be able to escape the target surface prior to neutralisation. Therefore the ions 
detected in SIMS are produced at a short distance from the surface by dissociation of 
nascent-ion molecules. During the collision cascade neutral fragments are sputtered from the
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surface through the transfer of energy to the lattice. These neutral fragments can be present 
in the form of ion pairs (as discussed in chapter 2). Once the ion pairs have escaped the 
surface, and are outside the influence of the surface potential barrier, if they have enough 
energy remaining the pairs can dissociate resulting in ion formation through charge retention 
and exchange. Only a small percentage of the ion pairs formed, termed nascent-ion 
molecules, are thought to have enough energy for dissociation to take place. There is a 
higher secondary ion yield for metal oxides than for metals, considering that ion pairs exist in 
oxides and not in metals, the nascent ion theory can be used to explain this phenomenon.
Free ions
Ar
Me
Surface
potential barrier
Nascent ion molecule 
no free chargeGeometrical surface
Collision series in solids, 
inhomogeneous in mass
Ar k?
Origin of 
collision cascade
Figure 3.3.4.2. The Nascent-ion model, after Gerhard and Plog66.
This model assumes that ionisation and sputtering are two completely separate processes, 
and therefore is obviously in direct conflict with the desorption model. It also assumes that 
the electronic state of the sample does not affect ion formation because all ions are thought 
to be neutralised prior to leaving the surface. It has been shown that the surface potential 
greatly affects the SIMS spectrum, therefore this model can be considered very simplistic.
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Although this model was created specifically in relation to metal and metal oxides, it has also 
been helpful in understanding the SIMS process for the analysis of polymers.
3.3.4.3. Other Theories.
There are two other important theories to consider
1) The Unified Sputtering Theory- Falcolne et al67
This theory is a unified theory of sputtering and ionisation for organic materials. The 
discrepancy between the experimental value of the maximum sputtered energy and that 
produced from elastic collisions of atomic nuclei, lead to the new theory being developed. 
The theory is based on the energy from the primary ions being absorbed by the surface in a 
manner not unlike that of the thermal spike process, discussed earlier, in which all the sample 
atoms in the area affected are in motion. In this way the source of excitement is irrelevant in 
the emission of secondary ions, and the actual amount of energy delivered to the sample is 
the important factor. They suggest that there are several mechanisms involved in the 
production of sputtered particles, but the chemical nature and structure of the sample surface 
has a great influence on the distribution and dissipation of the imparted energy.
2 ) Electronic Processes - Murray et al68.
Murray et al considered the sample parameter having the main affect on the sputtering 
process to be the work function. The particle leaving the sample surface could undergo 
either electron transfer by electron tunnelling or a two-electron Auger process. The relative 
probabilities of an ion being neutralised on leaving the selvedge of the sample is described by 
electron energy diagrams. In insulating materials there is a large gap between the valence 
and conducting band and therefore the neutralising transitions through electron tunnelling or 
Auger processes are not possible. Therefore when considering insulators ions can pass 
through the selvedge without neutralisation occurring. Because conductors do not have this 
large gap between the valence and conducting band then neutralisation can occur, both by 
Auger and tunnelling processes. The model is too complicated to apply to systems that are 
anything but simple, therefore limiting the use of such a model, when considering real 
systems.
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3.3.5. Theory Summary.
The desorption ionisation model and the Nascent-ion model are well known theories that 
both consider ionisation and desorption can occur in separate steps. However the Nascent- 
ion model suggests that all ions are formed after traversing the selvedge boundary, whereas 
the desorption ionisation model suggests that ionisation occurs within the selvedge boundary. 
The Nascent-ion model specifically relates to a surface potential consistent with metal 
surfaces, this is less relevant with insulating materials, such as PVdF. The electronic process 
theory considers ionisation to occur via electron transfer, however this theory is too complex 
to be used in a real system. The unified sputtering theory considers that ionisation and 
sputtering occur simultaneously and just like the desorption theory assumes that energy is 
transferred in a manner of thermal motion. This theory takes the surface potential of the 
specific material in question into account, as well as the chemical nature of the sample. As a 
result of the applicability to organic materials and ease of use, the desorption ionisation 
model and unified sputtering theory are the most relevant in this case. When considering ion 
pairs, such as that of the catalysts mentioned in chapter 2, the Nascent-ion model should be 
taken into consideration. The desorption ionisation model discusses the relevance of 
preformed ions, the nature of these is discussed below.
3.3.5.1. Preformed Ions.
Although it has been clearly stated above that the point at which ionisation occurs is still 
largely under debate, it is clear that protonation of molecular fragments can occur to produce 
secondary ions. The protonated molecular ion is seen in the SIMS spectrum in the form of 
(M+H)+, therefore the availability of protons will greatly affect the concentration of the 
molecule ion observed in the SIMS spectrum. This phenomenon has been researched by 
Hook et al69, who discovered that the addition of HC1 (to the solvent) prior to polymer film 
casting, greatly increased the observed protonated monomer concentration of 
poly(aminostyrene), (PAS), cast on an etched silver substrate. In this research the 
protonated molecular ion intensity increased dramatically in comparison to other fragments 
that are also produced during the SIMS process, Hook et al believed this was true evidence 
of preformed ions.
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3.3.6. Interpretation of SSIMS.
Interpretation of the SIMS spectra should lead to the discovery of the composition of the 
surface compounds or adsorbed layers. Interpretation of the SIMS spectra is not necessarily 
straightforward and can be complicated by a number of processes. Impurities may be 
present, the sensitivity of SIMS to some ions, e.g. Na+, is high and therefore a small amount 
present in the sample can completely dominate the spectrum obtained. Hydrocarbons, 
chlorine and alkali metals, which can be obtained during sample handling, can add a number 
of peaks over a wide range and may interfere with the peaks of interest. Therefore careful 
sample preparation is vital. There is always a contribution to the SIMS spectra from 
isotopes, such as 79B f and 81Br", these are easily identifiable and at unit mass resolution the 
isotope ratio can aid unambiguous ion identification. Polymers often have spectra that are 
difficult to interpret because the likely fragmentation patterns are not always known. Some 
polyatomic clusters can be identified from the repeating pattern of peaks across the spectrum 
as successive groups are removed from the molecule. The fragmentation pattern of PVdF is 
shown in Figure 3.3.6.
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Figure 3.3.6. SSIMS fragmentation pattern of untreated PVdF.
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3.3.7. Interpretation of Organic Mass Spectra.
The SIMS spectrum shows mass of the molecules against the intensity, or number of counts. 
The positively charged ions construct the positive spectra and the negative ions the negative 
spectra. The majority of ions present in the positive spectrum are even electron ions, 
negative ions are formed from electronegative molecules e.g. CF2. The resolution of the 
ToF-SIMS instrument greatly exceeds that of the quadrupole instrument. The pulse length 
of the primary beam is the main factor in determining the resolution of the spectra.
Resolution (mass/change in mass) can be as great as 10,000 at a mass of 500 m/z.
3.3.7.I. Molecular Ions (MTe).
The molecular ion is that of the highest mass of an odd-electron ion in the spectrum, masses 
representing losses of neutral molecules from the molecular ion are found lower down in the 
spectrum. The nature of SSIMS is such that the sputtering occurs in the form of soft 
ionisation and therefore molecular ions are more likely to be produced as opposed to the case 
of a more aggressive technique. With the knowledge of the material and treatments, as we 
have in this research, the molecular ions can be predicted, therefore making the spectra easier 
to interpret. For example the masses of the catalysts used are known and can therefore be 
looked for in the spectra of the catalyst treated samples.
Even electron ions are ions which have fully paired outer-shell electrons, they are generally 
more stable then odd electron ions and therefore usually more abundant as fragment ions. 
Ionisation of sample molecules can occur by losing an electron leaving an unpaired electron 
resulting in a radical species. This ion is called an odd electron-ion, or sometimes a radical 
cation. The even-electron rule: The decomposition of even electron species strongly prefer 
to form even electron species and a neutral species. Producing odd electron species from 
even electron species, is highly unfavourable energetically because this would require 
creating a radical neutral species. Odd electron ions are favoured only when being formed by 
odd electron precursors.
The presence of odd electron ions in positive SIMS spectra indicates the formation of radical 
cations has occurred, these have higher internal energies than even-electron ions. Odd- 
electron ions are rarely produced by soft x-rays with the exceptions of molecular ions. A
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competing reaction will usually yield the more stable product of an even-electron ion. Odd- 
electron ions produced are often resonance stabilised. A peak observed with an even m/z 
ratio represents an odd-electron ion, possibly or contains an odd number of nitrogen 
atoms. The nitrogen rule should be taken into account when interpreting spectra containing 
nitrogen species.
3.3.7.2. The Nitrogen Rule.
An odd electron ion will be at an even mass number if it contains an even number of nitrogen 
atoms. An even electron ion will be at an even mass number if it contains an odd number of 
nitrogen atoms. This results from the fact that nitrogen is the only trivalent atom commonly 
found in organic compounds.
3.3.7.3. Thermodynamic Considerations.
Ions that are more thermodynamically stable are the most likely to dominate the SIMS 
spectrum as these are the most desirable energetic states. After ionisation each ion species 
possesses an internal energy, some will posses enough to overcome the activation energy for 
a reaction to occur. There is an increase in the probability of formation of molecular ions in 
conjunction with decreasing ion bombardment energy. This is as a result of the lower 
internal energy that these sputtered ions will posses i.e. these ions will not have enough 
internal energy to overcome the activation energy for further reactions to occur. The more 
stable state of a resonance enhanced odd-electron ion results in the greater probability of its 
presence in the SIMS spectra.
3.3.8. Quantification.
Quantification of SIMS may be thought difficult as a result of the relative ionisation 
probabilities of different species. However by following specific procedures semi- 
quantitative information may be obtained. Correct assigning of the peaks is essential, care 
must be taken to note any contamination that is present, the presence of which is obvious 
when taking the whole spectrum into account. Most useful information arises from the 
comparison of spectra, the whole spectra must be taken into account when comparing a peak 
from one spectra to the next. One way of improving comparison of spectra is by 
normalising, this involves dividing each peak by the total counts in the spectra and then
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multiplying by 1 0 0 ,0 0 0 , this procedure has been used for all the spectra in this thesis. 
Through this procedure differences between spectra as a result of the nature of the SIMS 
process can be practically eliminated1. Probabilities of ionisation affects the concentration of 
ions in spectra, SIMS is very sensitive to alkali metals, and less so to organic species and this 
must be taken into consideration when interpreting spectra. The similarity of ionisation 
potentials of organic ions results in quantification of S SIMS of organic systems being 
potentially more reliable.
When interpreting mass spectra it must be considered that once the ion has been desorbed 
into the vacuum, and traversed the selvedge region, the only permitted reactions are 
fragmentation and rearrangement. Probability of these ions colliding with another particle is 
negligible as a result of the UHV environment required (this vacuum also reduces likelihood 
of contamination whilst the sample is in the SIMS instrument).
3.3.9. Instrumentation.
A SIMS system consists of a primary ion gun, sample chamber and mass analyser, and all 
operates under ultra high vacuum. UHV is required for the same reasons as XPS, however 
the concentrations (of ions to be analysed) involved are low (only from the first few 
monolayers of surface) and therefore the vacuum required must be higher. The components 
of the SIMS machine will be discussed with relevance to the specific type of analysis 
required. Figure 3.3.9, depicts the ToF-SIMS instrument.
3.3.9.1. Ion Source.
The two most useful and therefore favoured ion gun designs are the plasma discharge type 
(duoplasmatron) and the liquid ion source. The duoplasmatron creates ions by electron 
bombardment, which are then compressed in a plasma by electrostatic and magnetic fields.
The gallium source is usually the preferred for liquid metal ion gun as it is relatively inert and 
suitable for all types of SIMS analysis. A field emitter may be used in this case where the tip 
of the gun is wetted with molten gallium from a reservoir. The field causes the liquid film to 
form a point from which the primary ions are emitted. This type of source has a good 
focusing ability that is perfect for imaging SIMS.
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Figure 3.3.9. The ToF-SIMS Instrument, Poschenrieder.
The source has a high brightness (TO10 Am "2 SR and can deliver low currents (nA), to 
small spot sizes (0.02 to 0.1pm) at high beam energies (30 KeV). This low beam current 
minimises surface damage and is therefore ideal for polymers, however it is therefore 
unsuitable for dynamic SIMS where depth profiling large areas, and into thick layers is 
required.
Other sources are available including the electron bombardment guns such as argon ion guns 
which are used in wide area static SIMS, and surface ionisation types, most commonly using 
caesium for enhancement of negative secondary ion yields.
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3.3.9.2. Mass Analyser.
There are three main types of spectrometers, the quadrapole, the magnetic sector and the 
time of flight designs. ToF-SIMS has been chosen because of its high sensitivity, allowing a 
low dose primary beam minimising surface damage, which is required for polymers.
3.3.9.3. ToF-SIMS Analysis.
Secondary ions are produced by a primary ion pulse, and are then accelerated over a short 
distance to give them all virtually the same kinetic energy, prior to entering the drift tube. 
Energy compensation of the ions takes place in the flight tubes of the instrument. There are 
three designs of ToF-SIMS instruments:
1) The Poschenrieder analyser uses a toroidal electric field inserted between two linear drift 
tubes. The field causes the secondary ions to travel in a curved flight path, which is 
longer for the more energetic ions therefore compensating for the initial kinetic energy 
distribution of the ions.
2) The reflectron analyser which uses a mirror to reflect the ions, and in the same manner 
compensates for the initial kinetic energy distribution of the secondary ions. The 
reflectron has a higher mass resolution and transmission than the Poschenrieder.
2) The TRIFT analyser is used for imaging SIMS, but also can attain high mass resolution 
through energy compensation. A series of three 90° electrostatic sectors with 
intermediate drift spaces leads to an image being formed on the position sensitive 
detector.
As indicated above all the secondary ions produced are extracted with similar kinetic energy. 
The ions pass into the drift tube of the spectrometer where the heavier ions will take longer 
to reach the detector then the low mass ions. The mass spectrum is produced from the data 
collected by a time sensitive detector. A pulsed primary ion beam is required so that the 
secondary ions are produced at a discrete point in time, which is obviously essential for the 
system to work. This time between pulses must allow for detection and drift tube clearance. 
The timing of events requires nanosecond accuracy, flight times are of the order of 100p,s.
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Parallel detection combined with high transmission produces the high sensitivity that ToF- 
SIMS is renowned for. Although the mass range is theoretically unlimited the higher mass 
ranges require slower pulse frequencies which leads to longer analysis times, therefore 
making the process impractical at mass ranges that are very high. Resolution is lower than 
that of the magnetic sector instrument, yet is maintained at high transmission without 
compromising sensitivity. For PVdF, analyses of low masses are all that is required and the 
resolution need only be that of a reasonable level therefore ToF-SIMS is ideal.
The primary beam can be scanned across the surface providing images for any mass, with a 
resolution of 1pm. The continuous beam has resolution of 0.2 pm however when pulsed this 
degrades to a 1 pm resolution, although the ion density is still very high, an ion dose of 1 0 13 
ions cm'2 is the static limit but a good spectrum can be obtained at this ion dose.
3.3.10. ToF-SIMS Summary.
With good sample preparation and selection of the correct experimental set up a good SIMS 
spectra can be obtained even for polymers. The spectra that are either negative or positive 
must be interpreted with the above information in mind. Because of these strict rules on how 
the mass spectra is created it can be relatively straightforward to interpret the types of 
molecules that the ions in the spectra are likely to have originated from. When interpreting 
the spectra and comparing the results to that of other techniques there must be awareness 
that ToF-SIMS analyses the top few monolayers of the surface only, so it is much more 
surface specific then the other techniques described here. ToF-SIMS would obviously be 
extremely useful for the knowledge of the structure of the molecules formed in the 
degradation process of PVdF.
3.4. Rutherford Backscattering Spectrometry (RBS).
The term originates from Rutherford’s model of the atom, which was successfully tested by 
Geiger and Marsden in 1913. The technique itself has found scientific importance in the last 
five decades through use of Van de Graaff accelerators and development of effective particle 
detectors. The relative importance of RBS as an analytical technique was highlighted by its
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use to analyse the composition of lunar soil from Surveyor V, 1967, and Martian Rocks from 
Mariner, 1996.
The RBS technique is complementary to techniques such as SIMS, which are less 
quantitative. An accurate analysis can be obtained through RBS as a result of the technique 
relying on the nuclear Coulomb repulsion for the scattering process. RBS is just one type of 
the ion beam analysis techniques, which all use the same generator and target chamber.
The RBS technique and instrumentation used has been described thoroughly by many 
authors70"73. A brief overview of the technique and instrumentation will be delivered here, as 
well as a description of the unique software that has been utilised to aid interpretation of the 
spectra74"77.
3.4.1. The RBS Process.
RBS is a technique that enables rapid elemental depth profiling of sub-micron films and 
structures. High-energy light element ion beams are used (usually helium). The information 
acquired is in the form of the energy of particles scattered in a backward direction. The 
required dose is quite small causing little damage to most samples. RBS is most sensitive to 
high mass elements in a low mass matrix (as with fluorine in PVdF). Depths of up to lO i^m 
can be obtained in a polymer with a helium beam. The sensitivity of the technique can be in 
the range of a fraction of a monolayer or parts per ten thousand.
A helium beam (4He+) of a few MeV irradiates the sample, He ions are backscattered from 
the sample, the energy of which are analysed by a multichannel detector. The helium ions 
collide elastically with the atoms in the sample and in this manner are scattered back into the 
vacuum. Those that are scattered within the detector collection angle will be collected and 
analysed for their energy, thus a spectrum of number of counts versus energy is created. 
When an energetic ion beam is directed at a sample there are many interactions which can 
occur. The atoms near the surface will give reaction products with well-defined energies, the 
energy is defined by the particular interaction. The yield per incident ion is determined by the 
number of atoms in the path of the beam and the interaction probability or cross-section. As 
the beam penetrates deeper into the sample it will lose energy. Therefore when a reaction 
occurs deep in the sample the reaction product will generally be produced at a lower energy,
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as well as loosing energy on its way back out of the sample before entering the detector. 
Therefore a graph is obtained for the element over a range of energy relating to the depth 
that the beam has penetrated. The deeper the element the wider the range of energy on the 
graph, that is increasing in width from the interaction energy to lower energies. The energy 
is in the form of channels on the abscissa whilst the concentration of that element is the 
ordinate.
The dominant process, by which ions loose their energy is by interactions with electrons 
producing excitations and ionisations, this is referred to as electronic stopping. The ions are 
much heavier than the electrons therefore only a small amount of energy is transferred in each 
collision, and the angular deviation of the ion path resulting from the collision is also small.
In this case therefore the ions will slow down and stop in a straight line in the sample. Here 
the elemental analysis as a function of depth is straightforward.
Nuclear stopping is another form in which the ions can be attenuated. Here, as the ion slows 
down, it will reach a velocity that is comparable with that of the electrons in the inner shell of 
the ion, as a consequence electrons may be captured and carried along with the ion. When 
electrons fill all the shells the ion becomes a neutral atom and energy loss occurs due to 
elastic collisions between atoms. The particles involved in such collisions have more 
comparable masses, therefore large energy transfers occur in one collision and large changes 
in direction of the incident ion are probable.
Nuclear stopping gives rise to sputtering, and in such cases relation of depth with ion 
direction or energy is no longer straightforward. However in most cases nuclear stopping 
effects can be ignored.
All these reactions gradually reduce the energy of the ions and where nuclear reactions are 
concerned, attenuate completely.
The helium ions that irradiate the sample can be viewed as projectiles that are moving 
through the target medium, with progress through the sample, energy will be lost and the 
ions are scattered by collisions with the target atoms. Each of these interactions can be 
considered as an elastic collision between two isolated particles, as the stopping collisions are
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irrelevant. The energy of the scattered projectiles that form the RBS spectrum can be 
interpreted by taking into account the four factors described below:
1) The kinematic factor, K, relates the initial projectile energy prior to collision to the 
projectile energy after the collision. The use of the kinematic factor is essential for mass 
analysis.
2) The scattering cross-section describes the probability of scattering of the projectile.
3) The stopping cross section describes the depth of which the projectile penetrates into the 
sample.
4) Energy straggling describes the fluctuations in energy loss as a result of the statistical 
nature of the technique.
3.4.1.1. Kinematics.
The mass-energy and momentum of particles partaking in a nuclear interaction must be 
conserved (Goldstein, 1959,78). Figure 3.4.1.1, below shows the collision of a projectile with 
a target atom. Prior to the interaction of the projectile, Mi, with the target atom, M2, the 
projectile has an energy, E. After the interaction with the target atom, the new energy of the 
projectile, E%, is related to the initial energy, E, by the kinematic factor, as defined:
Ei = KE
Where K = (M,cos0 + (M22-Mi2sm26 )1/2)
Mi + M2
It is clear from the equation that the kinematic factor depends on the two masses. Mi and M2, 
as well as the scattering angle. In the case of RBS the mass. Mi, and the initial energy, E, of 
the projectile are known. The measurement of the scattering angle of the particles can enable 
calculation of the unknown factor, the target atom mass, M2.
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Figure 3.4.1.1. The trajectories and energies of particles scattered at the surface or at a 
depth x perpendicularly below the surface, after Liu79.
3.4.1.2. Scattering Cross-Section.
The probability of scattering of the projectile depends on the scattering cross-section. The 
ion beam irradiates the sample and the projectiles are scattered, the projectiles that are 
scattered within an angle 0 , corresponding to the detector position, are collected and 
analysed. The number of counts, C, collected by the detector is shown in the equation 
below:
C = Q Nt do Q 
dQ
Where Q represents the number of projectiles that collide with the target, N relates to the 
number of target atoms per unit volume (cm3), t is the target thickness over which scattering 
occurs and do/dfl is the average differential scattering cross-section when considering the 
case of scattering towards a solid angle at scattering angle 0. Where the solid angle is small 
the average of the differential scattering cross-section can be approximated to the scattering 
cross-section which is given the symbol a, therefore simplifying the yield equation to:
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C = Q Nt g n
When the number of projectiles that interact with the target and detector are known, then the 
number of atoms in a unit area of the target, Nt, can be calculated. Therefore the differential 
cross-section for an elastic collision between the projectile and the target atom, where the 
interaction force between the two nuclei is Coulomb repulsion, can be expressed through 
Rutherford’s formula:
dci ~ (ZiZ2e2) . 1
dQ 4E sin4 0/2
Where E is the projectile energy prior to scattering, Zi and Z2 represent the atomic numbers 
of the projectile and target atom respectively, and e is the electronic charge. This equation 
has been simplified and is only valid for cases where Mi<M2, the initial equation is discussed 
in detail by Grant80.
3.4.1.3. Stopping Cross-Section.
As defined above, there are two processes by which a projectile can lose energy when 
moving through the sample, electronic stopping and nuclear stopping. When using the 
helium beam the latter process is negligible, with the exception of the lowest energies, i.e. 
deepest beam penetration. Usually the rate at which a helium beam looses energy is between 
10-lOOeVÂ'1, however this rate depends on the energy of the projectile, as described below.
E = Eo - Jo (dE/dx) . dx
Where E is the projectile energy, at a depth x. Because only projectiles that are within the 
surface region are considered the distance covered is so small that it can be considered 
constant and the same as that at the initial energy of the projectile, Eo. Therefore the 
equation can be simplified:
E = E0 - dE I x. 
d x |Eo
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This equation, the surface energy approximation, can be simplified by replacing dE/dx with s, 
the stopping cross-section, the result of which is shown below:
s = 1_ . dE
N dx
Above, N represents the atomic density of the target. Ziegler and Chu81 (1974) have 
recorded the values of the stopping cross-section for 4He bombardment of different elements, 
between the energy ranges of 0 .4 -4  MeV. When considering samples containing more than 
one element, Braggs’ rule can be used to calculate the energy loss. Braggs’ rule states:
The total energy loss é? in a material o f XaYb can be shown as:
^
3.4.1.4. Energy Straggling.
The energy loss of projectiles moving through a sample is subject to statistical variations as a 
result of the different interactions experienced by each projectile travelling over the same 
distance. The fluctuations in energy loss are described as energy straggling. This straggling 
leads to an uncertainty in the assignment of the mass and depth of the target atoms, other 
than those directly on the surface. Therefore there is a limitation in the precision with which 
the RBS spectrum can be fitted as a result of the very nature of the technique. The 
calculations that lead to the measurement of the height and depth scale of the RBS spectrum 
are described by Grant80, Liu79, and Chu81.
3.4.2. Instrumentation.
Figure 3.4.2.1, is a schematic of the ion beam analysis system, showing the accelerator, the 
beam line, the target chamber, and the detector. Charged particles are formed from an ion 
source. A particle accelerator, usually a Van de Graaff accelerator, raises their energy to 
approximately 2 MeV. The high-energy beam line is collimated, focused and filtered to 
produce a specific energy prior to the beam entering the target chamber. The beam impinges 
on the sample, some of the backscattered particles are collected by the detector, where they 
generate an electrical signal.
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Figure 3.4.2.1. Ion beam analysis system, after Jeynes82.
The signal is then processed by a data processing system. A vacuum is required to prevent 
the changes in the beam direction and energy as a result of collisions with air particles. The 
vacuum required (~10 6) is reasonably modest in comparison with the UHV required for the 
previous, more surface specific techniques. The components of the RBS set-up are discussed 
below.
3.4.2.1. Van de Graaff.
The Van de Graaff generator is used to produce and accelerate charged particles to the 
region of several megaelectron volts. The Van de Graaff consists of an ionisation chamber 
and an acceleration column. A voltage is produced on the terminal shell, as shown in Figure
3.4.2.1.1. Through the continuous charging and rapid movement of the belt, charge is 
transferred between the ground potential and the terminal. A voltage-insulating column 
supports the terminal and the belt-charging system in a mechanical manner. Ions from the 
source are accelerated down the insulating column. A pressurised tank that provides high 
voltage insulation surrounds the column and high voltage terminal. The charge balance 
determines the terminal charge of an accelerator, A net charge is fed up the belt raising the 
terminal voltage, this is prevented from rising above the isolation potential (which could 
cause sparking and destroy the instrument) by the introduction of an extra leakage path in the
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form of pointed electrodes. These electrodes, termed corona points, are where the induced 
charge is used to generate an electric field of high enough strength to ionise the insulation 
gas. This allows a controllable ionisation current for the terminal. Movement away from, of 
towards the terminal controls the corona current. The beam energy must be defined 
accurately to within ± 2 keV, for use in spectrometry, fluctuations are stabilised by use of 
feedback system corrections.
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Figure 3.4.2.1.1. The Van de Graaff generator, after Jeynes82.
3.4.2.2 The Beam Line.
The beam line is shown in the schematic in Figure 3.4.2.1, in this case, there are three 
viewers, each placed in order to see a moveable aperture or the control slits. The control 
slits are used to focus the beam, whereas the apertures are used to vary the position of the 
beam in the tube. A beam steerer has also been used for deflection of the beam. The 
steerers are used to place the beam at a selected area on the sample.
3.4.2.3. The Target Chamber.
The samples are placed on a sample stage that can be manipulated with the use of a 
goniometer. In most cases the angle of the sample stage can be changed in order to achieve 
channelling of the beam, or to change beam depth penetration. Channelling of a beam can be
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achieved in single crystals, the ion beam is aligned with the symmetry directions of the single 
crystal, in this way atoms at the surface shadow rows of atoms that are in the bulk. Through 
such methods information on near surface damage can be obtained. In the case of insulators 
the main problem is sample damage as a result of poor thermal conduction. The damage of a 
sample can be reduced, and even eliminated by the following means:
1) Reducing the thickness of the sample -  the thinner the sample the smaller the distance the 
heat must traverse to reach the thermally conducting sample stage.
2) Reducing the energy of the beam -  the lower the beam energy the less damage can be 
caused.
3) Using a cold sample stage -  the sample stage is cooled with liquid nitrogen, therefore 
sample heating is reduced so that minimal damage is caused.
3.4.2.4. Detectors.
The solid state detectors can detect particles of all energies simultaneously. A common solid 
state detector is the silicon surface barrier detector, this has an area of approximately 
25 mm2, is placed at approximately 15 cm distance from the target and is often set at a 
scattering angle of 145° from the target. Angular beam spread is reduced by he use of slits 
that are placed in front of the detector. A limitation of the solid state detector is that the only 
ions detected, are those which are backscattered at a specific angle, this can be overcome by 
using an array of detectors. The main limitation is the size of the detector.
3.4.3. Data Analysis.
The energies are processed through a preamplifier, and then the main amplifier. The first 
amplifier is charge sensitive and preserves the signal to noise ratio of the data. The main 
amplifier optimises the resolution and count rate. Acquisition, storage and display of the 
data, are all handled by a multichannel analyser (MCA), essentially a microcomputer. 
Interpretation of the resulting spectra can be aided by the use of software designed 
specifically for this task. There are several programs that have been designed to facilitate the 
analysis of the RBS data, the program used in this work is the Datafurnace, developed by 
N. Barradas74'77.
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3.4.4. Software.
The Datafurnace software is unique in approach, as automatic analysis is achieved without 
the need for time consuming human iteration. The user inputs the experimental conditions, 
as well as the elements expected to be present in the sample. The input of this information 
need only take a few minutes, the fitting of the data can then be achieved without further 
intervention. The program is based on a process termed simulated annealing, this is an 
algorithm with two advantages, the first is that the solution is independent of the initial 
structure of input, therefore input in the form a layer-structure is not required. The second 
advantage is the method of finding the minimum difference between the data and the fit; the 
solution is obtained by tending asymptotically to the absolute minimum, rather than the local 
minimum that has been used in conventional minimisation algorithms. These two points lead 
to a high quality solution being obtained. The inverse RBS problem is described by Barradas 
as a discrete combinatorial optimisation problem. All the possible RBS spectra can be 
represented by a finite solution space, S, restricted by the finite sensitivity and resolution of 
the technique. Consider the element /, the sensitivity of the technique to this element is 
represented by sh in a specific layer the possible number of different concentrations of the 
element is given by 1/s,-. The energy resolution of the technique is about 1% and therefore 
the number of layers, w,- that can be distinguished is in the realm of 1 0 0 , again this limits the 
solution space which can now be represented by S<7z,IMZ”
Each possible structure is defined by a specific number of layers, layer thickness and 
stoichiometry. Each of these structures has a chi-square (%2), which defines the weighted 
distance between the proposed theoretical function and the data. The transition from one 
state to the next is through the generation of a new structure from the previous calculated 
structure, in this way either the layer thickness, stoichiometry or number of layers can be 
changed, or more then one of these. Each transition is generated randomly, the probability of 
the transition being accepted by the program can be defined as below:
P = exp(-A%2/T) ... equation 3.4.4.1.
Where À%2> 0, considering that À%2< 0, when P = 1. T is a control parameter. The first 
expression allows the escape from the local minima of the %2, at a high value of T almost all
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transitions are accepted, as T decreases the probability of transitions with high increases in %2 
decreases. At very small values of T only transitions leading to a decrease in %2 are accepted.
The initial stage of the program selects a To, the rate at which the program runs. This T0 
value is selected through setting a value which the probability of the average transition must 
be greater than (usually~0.95). This is achieved through the calculation of the change in the 
average %2 increase, as shown in the equation below:
T„ = -(Ax2)/ln(P0)
The number of proposed transition should be large enough so that equilibrium will be 
reached. To calculate a new state from the previous state, a transition procedure is used to 
randomly vary the thickness and stoichiometry of layers, as well as the number of layers, the 
only elements tested are those that the user specifies at the start of the program. For the 
calculation of the %2 value i.e. calculating the difference between the theoretical and 
experimental energy, a number of assumptions must be made. First of all energy straggling is 
not taken into account. Bragg’s rule is used to calculate the stopping cross-sections. The 
effect of multiple and plural scattering is ignored, as there is no simple way known to account 
for this. Also the acceptance criterion for Equation 3.4.4.1 is weighted, so that the 
probability of a transition is compared with that of a random number. If the probability is 
much greater than the random number then the transition will be accepted.
The program can not only generate an RBS spectrum from a given layer structure, but can 
also do the reverse, generate a layer structure from an experimental RBS spectrum. The 
program has been used successfully in many cases70,71,77.
3.4.5. RBS Summary. -------------------------------------
Elemental depth profiles can be obtained through the use of RBS. The spectra, even when 
complex can be easily understood through the use of software specifically designed for this 
purpose. Depths of up to 10 pm can be analysed with the use of this technique, RBS of 
fluorinated polymers, has been reported1 for depths of up to 0.8 pm. Therefore combined
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with the surface specific techniques discussed previously, a full appreciation of the interaction 
mechanisms can be achieved.
3.5. Vibrational Spectroscopy.
Infrared and Raman spectroscopies utilise the frequency of the normal modes of vibration of 
the sample molecules to determine the molecular structure. When each atom of a molecule 
experiences simple harmonic oscillation about its equilibrium position, the molecule is said to 
be in its normal mode of vibration. When this is the case the centre of gravity of the 
molecule does not change, whilst all the atoms of the molecule move in phase with the same 
frequency. The vibrations of the molecule can be described by the manner of bending or 
stretching of the bonds between the atoms.
3.5.1. Interpretation of Vibrational Spectra.
The interpretation of vibrational spectra is based on calculations from classical mechanics. 
The bonds between atoms are envisaged as springs and the atoms themselves are represented 
by balls. The frequency of vibration, v, (s’1) of such a model with two balls of mass, m, (kg) 
connected by a spring with the force constant, k, (Nnf1) is given by the equation below:
v = l/7r.(k/2m)1/2
This equation can be adapted to consider a structure with many atoms and bonds with the 
use of different force constants83. When considering atoms in a molecule, their motion is no 
longer independent and this must be taken into account when interpreting vibrational spectra. 
The vibrations of the molecules can be observed by the absorption of energy from a specific 
part of the electromagnetic spectrum relating to the energy of vibration of the molecule.
3.5.2. Infrared Spectroscopy (1RS).
All organic molecules absorb strongly in the infrared because the energy of most molecular 
vibrations corresponds to this region of the electromagnetic spectrum. Absorption gives rise 
to transitions between different vibrational states of the atoms in a molecule. Absorption 
occurs when a vibration couples with the oscillating electric field of the infrared radiation.
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The interaction only occurs when the vibration produces an oscillating dipole moment. The 
vibration of atoms is expressed by the stretching, bending or scissoring of the bonds that link 
them. Each absorption corresponds to a specific type of bond deformation of that/those 
particular bond/bonds and is characteristic of that bond deformation. The frequency is not 
greatly affected by the other atoms present. This leads to characteristic absorptions for 
specific functional groups or molecules.
C-HBend 
6800 - 7500nm
C-H Stretch 
2920 - 3500nm
The IR spectrum is a plot of the absorption of the IR radiation that passes through the PVdF 
sample versus the wavelength (or wavenumber) of the radiation. The position and relative 
strengths of the absorption peaks (often called bands) leads to identifying the structure of the 
molecule.
Infrared prism spectrometers have been used since the 1900s, the first a sodium chloride 
prism spectrometer, was designed by Coblentz. Wood introduced gratings in 1910 and in 
1918 a high-resolution grating spectrometer was designed by Randall and Sleator. Faster 
thermocouples (the source of infrared radiation at this time) were developed between 1932 - 
1938, and detectors were improved in 1932 through the introduction of an ellipsoidal mirrors 
to concentrate the radiation onto a smaller receiving area. In 1945 Roess introduced the first 
successful a.c. amplifier to be used with the thermocouples. Wright and Hersher in 1947 
designed a double-beam system that used the a.c. amplfier. After this progress was rapid and 
commercial infrared spectrometers became available. Walsh in 1951 developed a double pass 
system to improve the resolution of the prism spectrometer, and reduce the stray light that 
can interfere with the spectra. The availability of gratings greatly increased in 1955, 
introducing competition between the two types of spectrometer. Also in 1955 Grubb and 
Parsons developed the first wide-range, double beam spectrometer. The first wide-range, 
filter and grating double beam spectrometers were introduced by Perkin-Elmer in 1961. The 
technique is well established, many reference spectra are available, and interpretation of the 
spectra is straightforward. As a result of this infrared spectroscopy is a widely used, mature 
analytical technique.
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3.5.2.1. Infrared Spectrometer.
The spectrometer consists of a source of infrared light, emitting radiation throughout the 
whole frequency range of the instrument. This light is split into two beams of equal intensity 
one which passes through the sample to be examined and the other as a reference beam. The 
spectrum is acquired by comparing the frequency of the two beams, over a wavelength range 
dispersed by a prism or grating. To allow for variations in the spectrometers, spectra can be 
calibrated using accurately known bands of the spectrum of a suitable standard, such as 
polystyrene, from which peaks can be superimposed on the spectrum which has been 
obtained.
3.5.2.2. Fourier Transform Infrared (FTIR).
An improved method of infrared spectroscopy involves splitting the light from a frequency 
range (typically 5000 -  400 cm into two beams. Either one, or both, of the beams are 
passed through the sample, the important difference is that one beam travels a longer path 
than the other. On recombination of the beams an interference pattern is observed that is 
representative of the sum of all the interference patterns created by each wavelength in the 
beam. Systematically the distances travelled by the beams are changed, and the interference 
patterns change producing a detected signal varying with the optical path difference. The 
pattern produced is called an interferogram, which by Fourier transformation changes to a 
plot of absorption against wavenumber, the usual infrared spectrum. Because FTIR does not 
require a slit and prism or grating, high resolution FTIR can be obtained without sacrificing 
sensitivity. As FTIR is a parallel, rather than a serial acquisition spectroscopy, an entire 
spectrum can be obtained in just a few seconds.
The most frequently encountered Fourier transform infrared spectrometers use the Michelson 
interferometer, shown in Figure 3.5.2.2.1 . As shown in the diagram the interferometer 
consists of two mirrors, Ml and M2, as well as a beam splitter, BS. The two mirrors are 
mounted at 90° to each other, Ml is fixed in position, whereas M2 can move with great 
precision over a distance (5), usually a few millimetres. The beam splitter is responsible for 
delivering 50% of the beam to Ml and the other 50% to M2. Both parts of the beam are 
reflected back through the beam splitter. The optical path length between the two beams is 
known as the retardation, x, where x = 25. The recombined beams will interfere with one
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another unless x = 0. The beam splitter then returns 50% of the beam to the source, whilst 
the other 50% travels through the sample to the detector.
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Figure 3.5.2.2.I. The Michelson interferometer. After Lambert83
Through moving M2, x will change, if M2 is moved with a constant velocity the intensity, 
I(x) of the signal will change according to the function shown below:
I(x) = 0.5 I (v) c o s 2t i  v x
Where I (v), cm'1, is the intensity of the source at the frequency, v, cm'1. The interferogram 
discussed earlier is a graph of this signal intensity against retardation. An infinite number of 
wavelengths travel through the interferometer when using a continuous IR source, the 
wavelengths will be in phase at the point where x = 0, only. When a sample is placed in 
between the interferometer and the detector, the radiation wavelengths at which the sample 
adsorbs will be significantly reduced in intensity. In this manner the infrared spectrum is 
contained within the interferogram. It is clear that by comparing the interferogram that has 
passed through the sample with the reference interferogram, the infrared spectrum can be 
calculated. To obtain the data required for an infrared spectrum, i.e. the intensity of the 
source at the source frequency (I(v)), against the source frequency (v), a Fourier 
transformation (a mathematical procedure) is used on both the interferograms produced. 
FTIR has two main advantages, speed and sensitivity. The resolution of the spectrometer is
87
- Chapter 3 Analysis Techniques -
related to the reciprocal of the retardation. The signal to noise ratio can be improved by 
multiple scanning.
IR spectra can be collected by two different means, transmittance and reflectance. In the first 
instance the infrared beam travels through the sample and the remainder of the beam that is 
not absorbed through the whole thickness of the sample is analysed. Obviously there is a 
restriction on the thickness of sample that can be used. The second method relies on the 
beam only penetrating the surface of the sample prior to being reflected to the detector.
ATR (attenuation of total internal reflection) (Figure 3.5.2.2.2) is a reflectance method which 
uses the total internal reflectance of a crystal to set the depth of penetration of the infrared 
beam. ATR is regarded as surface specific infrared, although the depth of analysis is in the 
order of a micron and is therefore not as surface specific as methods such as XPS or SIMS.
From
Monochromator To Detector
Solid with high 
refractive index
Figure 3.5.2.2.2. Attenuation of total internal reflection.
Functional groups have characteristic vibration frequencies, within well-defined regions in the 
range 625 to 4000 cm'1. The fact that many functional groups can be identified by their 
characteristic vibration frequencies makes the infrared spectrum the simplest, most rapid and 
often reliable means for assigning a compound to its class. Fluorine can be detected by the 
C-F stretch which falls in the range of 1000 - 1400 cm' 1 and double bonded carbon can be 
detected around 1600 cm _1 however this is often weak in infrared spectra. Fluorinated 
alkenes can shift the C=C bond to a higher frequency around 1700 - 1800 cm'1. However 
conjugation of polyenes lowers the energy level of the % orbital which shifts maxima to 
longer wavelengths ( i.e. to lower wavenumbers) which will bring the frequency back down 
again. This makes infrared an ideal technique to use to investigate chemical structure of 
degraded PVdF.
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Occasionally characteristic frequencies of functional groups are not observed in the infrared 
spectrum, this is generally because of symmetry. If a molecule possesses a centre of 
symmetry all vibrations that are symmetric with respect to the centre of symmetry are 
inactive in the infrared because they do not produce a change in their dipole moment. These 
symmetric modes however are always observed in the Raman spectra because they give rise 
to a change in the polarisabilty of the molecule. Raman spectroscopy can provide important 
additional information on molecular structure and symmetry.
3.5.3. Raman Spectroscopy.
Raman spectroscopy is a technique that provides information complementary to that obtained 
by IR spectroscopy. Information on the structure of the molecule is obtained from a detailed 
study of the bands in the spectrum that are characteristic of certain functional groups.
Raman discovered that when an intense monochromatic beam of light was incident upon a 
sample, the scattered light observed was not only representative of the initial beam of light, 
but weaker lines could be observed in the spectrum that were representative of the sample. 
The Raman spectrum is somewhat simpler than an IR spectrum as a result of the overtone 
and combination bands being an order of magnitude weaker than in infrared and therefore 
they are often not observed at all. However the weakness of the Raman spectra leads to 
information often being masked by the background. Fluorescence can also cause masking 
problems, by raising the background, and obtaining spectra from non-crystalline solids can be 
difficult.
A Raman spectrum is produced by a scattering process (Figure 3.5.3.1). Monochromatic 
incident radiation, from a laser operating in the visible region of the spectrum, is scattered by 
the sample.
Monochromatic
LASER
Radiation
Scattered
Radiation
Figure 3.5.3.1. Raman scattering process.
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Raman spectra can be considered as resulting from inelastic collisions of photons with 
molecules. In an inelastic collision some energy is transferred either from the photon to the 
molecule or from the molecule to the photon. In the former case, the molecule will be left in 
a higher energy level (giving rise to so called Stokes lines), as shown in Figure 3.5.3.2.. In 
the latter case (anti-Stokes lines) the molecule must already be in an excited state so that it 
can return to a lower state after giving up energy to a photon.
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Figure 3.5.3.2. Stokes and anti-Stokes energy diagrams. After Lambert83.
As most molecules are in their ground vibrational state at room temperature, only the Stokes 
lines are important, and it is these that comprise the Raman spectra of interest.
The Raman spectrum is a plot of wavelength of scattered radiation against the intensity. The 
difference in wavelength between the incident and the scattered radiation corresponds to 
wavelengths in the mid infrared region. Therefore the Raman and infrared spectra of the 
same sample often look very similar. The techniques however are complementary to one 
another as some groups are more active in Raman and others are more active in infrared.
The origin on the abscissa is the laser line frequency (v2) used to excite the spectrum. The 
positions of the peaks correspond to differences or shifts between v2 and observed scattering 
frequencies. The magnitude of Raman shifts is independent of the wavelength of excitation. 
However the difference between the laser frequency and observed frequency can be very 
large, by dividing the Raman scale by the speed of light (c = 3 x 1010 cms"1), the range of the 
IR and Raman spectrum, can be made comparable.
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3.5.3.1. Instrumentation.
The Raman spectrometer consists of an intense monochromatic laser source, which is 
scattered by the sample. The focusing of this scattered light is achieved through the use of a 
lens that is placed in front of the entrance slit of the monochromator. The light is dispersed 
in the monochromator to give the Raman spectrum. As explained earlier the Raman 
spectrum is weak, therefore the detectors must have high sensitivity, and this is the case with 
the photomultiplier detectors used. The slits used in Raman spectroscopy are much smaller 
than the several hundred micrometers of 1RS. The high background experienced in Raman 
spectroscopy can increase greatly if not adequately shielded from stray light, and this can be 
observed in the spectrum. Double or triple monochromators are used to remove as much 
stray light as possible. The set-up for a double monochromator is shown in Figure 3.5.3.1, 
here two monochromators are used in series with a slit in between. The beam is directed 
through SI and is collimated by a concave mirror, Ml, the beam is then diffracted by the 
grating, Gl, onto the second mirror, M2. The beam is reflected by the second mirror to the 
second slit, S2 , and the process is repeated in the second monochromator. Obviously a triple 
monochromator just continues the pattern through a third slit, S3. The two or three gratings 
(for the double or triple monochromators) are rotated simultaneously over the period of a 
scan. Raman frequencies are read by a linear wavenumber counter, this is set to zero at the 
excitation frequency. The detector, a photomultiplier tube (PMT), is placed at the exit slit 
from the monochromator (S3 in Figure 3.5.3.1). The signal from the PMT is amplified and 
stored electronically, or on a recorder. The lasers typically used are green, v = 514.53 nm, 
and red, v = 632.8 nm.
3.5.4. Summary of Vibrational Spectroscopy.
Through use of both Raman and infrared spectroscopy specific bonds can be identified in the 
sample. The C=C bond, when part of a conjugated structure, gives rise to very strong 
absorbance in Raman spectroscopy whereas the absorbance in infrared is weak. Therefore 
Raman spectroscopy could be of great use in the current work in identifying the presence of 
conjugated polyenes. The atoms attached to the functional groups in both infrared and 
Raman spectroscopy leads to shifting in the wavelength of absorption. Because of this fine 
structure, such as presence and length of conjugated structures, in the sample can be
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determined. The presence of hydroxyl and carbonyl groups can also be determined through 
the use of these techniques.
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Figure 3.5.3.1. A double monochromator. After Lambert83 
3.6. Summary of Techniques.
To obtain a full understanding of the chemical nature of the modified surface, a number of 
analysis techniques are required. XPS and ToF-SIMS are very surface specific techniques 
which can give a clear indication of the chemical species present at the surface.
Interpretation of the spectra obtained from these two techniques can be difficult, however if 
the information from the two techniques is combined a much clearer picture can be produced.
Deeper into the surface, between 0.01 to several microns in depth, RBS can be used to 
obtain an elemental profile of the sample. Again the spectrum produced can be difficult to 
interpret especially in polymers where the energies of the elements can be close and therefore 
the depth profiles can overlap. In such cases knowledge of the percentages of the elements 
present from other techniques can be used to aid the interpretation. ATR-FTIR and Raman 
spectroscopy provide information on the chemical state of the sample up to 1 um in depth. 
Group frequencies can be identified easily in the spectra from both of these techniques, 
therefore providing a reliable interpretation that can be used to aid that of the other 
techniques.
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4. Surface Modification of Poly(vinylidene fluoride) by 
Sodium Hydroxide Solutions.
In this chapter the experimental details of the treatment ofPVdF with sodium hydroxide 
solution are discussed. The sample type, and conditions used to analyse the samples are 
described. The analytical results and preliminary conclusions are presented and the results 
from different techniques are brought together to explain the mechanism of surface 
modification.
4.1. Sample Preparation.
The PVdF samples were supplied by National Power, two different types were used:
1. Injection moulded PVdF, as used in the energy flow cells at Aberthaw, in this case in 
the surface region with which we are concerned the material is in the ^-crystal form 
(see Chapter 2).
2. PVdF film (thickness lOOum, 50um and 25um), the film is in the ^-crystal form.
4.1.1. Sample Cleanliness.
In this work we are concerned with the mechanism of surface modification from the analysis 
depth of SIMS, a few monolayers, to that of Raman spectroscopy, in the realm of microns. 
When considering information obtained from SIMS analysis, the sample must be essentially 
contamination free, as the results will only reflect the top few monolayers of surface 
contamination. Therefore the samples must be cleaned sufficiently to remove the surface 
contamination, without changing the sample surface that is to be analysed. To ascertain the 
purity of the samples an as received, as moulded PVdF sample was analysed by XPS 
(analysis depth 5nm). The sample was found to have contamination consisting of oxygen 
and silicon, as shown in Figure 4.1.1.1. This result lead to various methods of cleaning of 
the as moulded samples being investigated.
1 . wiping the surface with an isopropanol-soaked laboratory standard tissue.
2 . fracturing the sample after immersion in liquid nitrogen and analysing the 
fracture surface.
3. scraping the surface with a scalpel.
4. scraping the surface with a scalpel and then rinsing with isopropanol.
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Figure 4.1.1.1. The XPS survey spectrum, of as received, injection moulded PVdF, 
obtained using the ESCALAB MK11 spectrometer.
The last method appeared to be the most effective, as the sample is the cleanest and nearest 
to pure PVdF, as shown in the XPS survey spectrum in Figure 4.1.1.2. Methods 1 and 3 left 
contamination on the sample and method 2  created a rough unsuitable surface.
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Figure 4.1.1.2. The XPS survey spectrum of as moulded, as received PVdF scraped with a 
scalpel and wiped with isopropanol. Spectra obtained using the ESCALAB MK11 
spectrometer.
Therefore method 2 was adopted as the method of cleaning for all as moulded samples of 
PVdF. Scraping the film is not an appropriate method of cleaning, as tears can form all the
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way through the thickness of the film. Therefore an isopropanol wipe has been used in all 
cases ofPVdF film treatment, the XPS survey spectrum of this is shown in Figure 4.1.1.3.
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Figure 4.1.1.3. The XPS survey spectrum ofPVdF film wiped with isopropanol. Spectra 
obtained on the Scienta ESCA 300.
To reduce likelihood of contamination through handling, the samples were transferred with 
clean tweezers only, and under no circumstances did the samples come into contact with 
bare skin or dirty surfaces. All the equipment used was washed first in tap water then in 
high purity water (18 Hem' 1 milliQ water) and finally with isopropanol or acetone. After 
washing all the equipment was left to dry in a laminar flow air cabinet.
For ease of handling, prevention of film curling and identification purposes a frame was 
designed to hold the film samples. The frame was made from high density polypropylene 
sheet, 5mm thick, which is known to be inert in hot concentrated sodium hydroxide. The 
frame was held together with nylon screws, for easy mounting and dismounting of film, as 
shown in Figure 4.1.2.4. The frames are easily stacked on top of each other without the 
films coming into contact with one another. The frame number is engraved into the frame 
as shown on the diagram, allowing easy identification of the samples.
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4.1.2. Sample Treatment.
A solution of 12 M aqueous sodium hydroxide (NaOH), was made from analar grade 
sodium hydroxide pellets, (Aldrich), and ISOcm"1 milliQ water, in polypropylene beakers. 
Polypropylene beakers are used in preference to glass because of their resistance to hot 
concentrated sodium hydroxide. These beakers were placed in a shaking waterbath, at 110 
revolutions per minute, at 80°C during the experiment and for at least an hour before adding 
the samples, to reach the temperature required. All the samples were cleaned as stated 
above and then placed in the beakers, the samples were left for up to 256 hours, removed 
and rinsed or soaked in ISHcm'1 milliQ water to remove excess reaction products. Both the 
injection moulded and the film samples were treated in this manner.
Hot concentrated sodium hydroxide can be very harmful to the skin, eyes and respiratory 
system and therefore during the preparation of all the solutions safety precautions were 
taken which included:
1. Wearing gloves and laboratory coat.
2. Wearing protective glasses.
3. Preparing the solutions in a fume cupboard.
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MilliQ water was used in all circumstances for washing of equipment and preparation of 
solutions to reduce risk of contamination of samples and solutions. After the samples have 
been treated with hot concentrated sodium hydroxide the excess is rinsed off by dipping the 
samples in milliQ water, termed the water rinse. However by XPS analysis it has been 
shown that sodium still remains on the samples (see Figure 4.1.2.1. (a)). The Fluorine Is 
XPS spectrum shows fluorine present in the form of sodium fluoride, two fluorine peaks are 
found in the Fluorine Is spectrum which indicates that there are two types of fluorine 
species present on the polymer surface (see Figure 4.1.2.1. (b)). This also indicates that 
sodium remains after the water rinse. From the binding energy there is shown to be a 
covalent species of fluorine present and an ionic form. The covalent form is that of the 
fluorine bonded to the carbon backbone of the polymer. The ionic fluorine has been 
attributed to the absorption of sodium fluoride onto the surface of the polymer. The samples 
were then soaked in milliQ water for up to three days and both the sodium and ionic fluorine 
peaks disappear (see Figures 4.1.2.2. (a) and (b)). Therefore it is crucial for further analysis 
that all samples are soaked sufficiently to remove absorbed species.
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Figure 4.1.2.1. XPS spectra showing the presence of sodium fluoride, (a) Na Is, (b) F Is.
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Figure 4.1.2.2. The XPS spectra showing removal of sodium fluoride through the water 
soak, (a) Na Is, (b) F I s .
4.2. Conditions of the Experimental Techniques.
The conditions under which the analytical techniques were run are discussed below. 
Sometimes instruments are used in more than one mode, when this is the case the various 
conditions will be mentioned here. When discussing the spectra obtained the specific 
conditions will be brought to the attention of the reader at the point where it is thought 
relevant.
4.2.1. X-ray Photoelectron Spectroscopy.
A VG Scientific ESCALAB MKII spectrometer was used at an operating pressure of 
10"9 mbar for the analysis with a twin anode X-ray source supplying either Mg Ka or A1 Ka 
radiation. All samples were recorded at 45° take off angle, using an analyser pass energy of 
20eV for high resolution spectra and 50eV for survey spectra. Data analysis, and curve 
fitting were performed by a VGS 5000S data system based on a DEC PDP 11/73 computer.
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It is well known that the presence of fluorine in an organic polymer leads to large chemical 
shifts of the carbon Is electrons as a result of the electronegativity of the halogen atom. The 
interpretation of these shifts is quite straight forward for bulk homopolymers such as PTFE 
(poly(tetra fluoroethylene) and PVdF59 however, as indicated elsewhere1 such shifts become 
more complex in the case of treatments that bring about surface fluorination (or indeed 
defluorination).
Further XPS spectra were acquired on a Scienta ESCA 300 at RUSTI, CLRC, Daresbury, 
this equipment produces spectra with greater resolution. The spectrometer utilises a 
monochromatic AlKa source with a rotating aluminium anode, quartz crystal 
monochromator, high transmission/imaging lens, hemispherical analyser and multichannel 
detector57 Survey and high resolution spectra were acquired, at a pass energy 150eV with 
a slit width of 1.9mm or 0.8mm. All samples were recorded at a 45° take off angle, an 
electron flood gun was used for surface charge management. The film samples were 
mounted on stainless steel stubs and secured with a stainless steel ring. Quantitative surface 
analyses were obtained from three sets of samples, these were quantified and peak fitted 
using the Scienta software57.
4.2.2. Raman Spectroscopy.
The Raman spectra of the samples were recorded in backscattering geometry on a DELOR 
XY multichannel spectrometer using an excitation line at either 632 nm (out of resonance) 
of He-Ne model 207B Spectra Physics laser (25mW power at the laser head) or at 
514.53 nm (resonance conditions) of a Ar+ model 165 Spectra Physics laser (power less than 
50 mW). Briefly the spectrometer consists of a triple monochromator used in subtractive 
mode to select a given spectral range followed by the spectrograph to complete the 
dispersion, and a Jobi-Yvon CCD (Charge Coupled Device) matrix thermoelectrically 
cooled. Using 200 pm slit widths, the spectral resolution was always better than 5 cm’1.
4.2.3. Time of Flight Secondary Ion Mass Spectrometry.
The ToF-SIMS spectra were obtained using a VG Scientific type 23 system equipped with a 
Poschenrieder time of flight system and a MIG300PB pulsed liquid ion source. Static SIMS 
conditions were employed, using a pulsed (5 KHz and 40 ns) 20 KeV 6 9Ga+ primary ion
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beam rastered over a frame area of 0.5 x 0.5 mm2. SIMS spectra were acquired over a mass 
range of m/z 5 - 600 in both positive and negative ion modes.
4.2.4. Infrared Spectroscopy.
A Perkin Elmer JK spectrometer was used with an ATR (attenuated total reflection) crystal, 
2 0  scans were taken between wavenumbers 400 to 4000 cm"1. Good contact between the 
samples and the ATR crystal was achieved by applying 9N force.
4.2.5. Rutherford Backscattering Spectrometry (RBS).
The RBS analysis equipment at the University of Surrey was used under the following 
conditions; Line 5, 1.5 MeV He+, and RBS detector 145° scattering angle. The samples 
were mounted on a liquid nitrogen cooled finger to reduce radiation damage induced by the 
He beam. Spectra were collected incrementally from the same spot in a sample. This 
means that the evolution of the sample under the beam can be determined, that is, the 
radiation damage can be studied. A second spot (sometimes to a third) was analysed in 
order to check homogeneity of the sample. In general, the initial spectrum for the different 
spots on the sample were very similar in each case, i.e. no inhomogeneity problems were 
observed. However degradation of the samples under radiation occurred rapidly therefore 
short exposure times were used.
A plural scattering correction was carried out for untreated PVdF (Figure 4.2.5.1) and then 
applied to the fits of all samples74. The Datafurnace software, discussed in Chapter 3, is 
used to interpret the RBS spectra.
4.3. Analytical Results.
The resulting spectra from the analytical techniques are interpreted in this next section. The 
information obtained in each technique will be discussed separately at this stage.
4.3.1. XPS Spectra.
The XPS survey spectrum of untreated injection moulded PVdF is shown in Figure 4.1.1.2, 
and that of injection moulded PVdF after 48 hours treatment in 12M NaOH at 80°C is 
shown in Figure 4.3.1.1. The spectrum of the treated material has a higher level of noise,
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this phenomenon is a result of the change in surface roughness produced on treatment as a 
result of the formation of a new topography.
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Figure 4.2.5.1. Plural scattering correction for untreated PVdF.
A reduction in fluorine intensity occurs together with an increase in oxygen intensity and 
relative increase in the carbon intensity. In Figure 4.3.1.1, a steep rise in the background 
after the fluorine peak at 6 8 6  eV is observed, this represents a buried layer of fluorine, 
adding to the evidence of defluorination and providing an indication of the depth to which 
the process has occurred.
The decrease in fluorine concentration and increase in oxygen concentration of the PVdF 
samples (both injection moulded and film samples) with time is shown in Figure 4.3.1.2.
The quantitative data indicates that the majority of defluorination on the surface layer 
(<5 nm), probed by XPS, occurs within the first hour of treatment, after which the rate slows 
down substantially. The formation of oxygen containing functional groups appears to be 
completed between 50 and 100 hours of treatment. The oxygen does not appear to 
completely replace the fluorine as it never reaches the same surface concentration as the 
initial concentration of fluorine (45 atomic %) but remains at a lower value of 30 atomic %.
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Figure 4.3.1.1. XPS survey spectra of injection moulded PVdF after 48 hours treatment 
with 12M NaOH at 80°C from Mg X-rays. Spectrum obtained on the ESCALAB MKII 
spectrometer.
The Cls spectra indicate that carbon is present in the form of C-F2 , C-H, O-C-F, Ç-OH and 
C=0. The exact chemical state of the elements involved cannot be unambiguously resolved 
with the spectra obtained with standard XPS because the spectral resolution is not sufficient 
to distinguish between some of the fluorine and oxygen groups. The spectra obtained using 
monochromated A1 Ka XPS are of greater resolution enabling certain groups to be readily 
distinguished. Samples analysed by this method were treated between 0  to 48 hours only. 
Figure 4.3.1.3 shows the evolution of the carbon Is spectra with time.
F Is O k l l
C ls O Is
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Figure 4.3 .1.2. Changes in surface composition by XPS of fluorine and oxygen with 
treatment time.
The peaks can be resolved to show that the oxygen is present in the form of carbonyl and 
hydroxyl groups. Fluorine is mainly present as CF] There is a peak attributed to either C-F 
or C=Cf this peak is much smaller than the amount of converted C-F^
In the fluorine spectra there is only one component which is assigned to fluorine from CF2 
groups, but no contribution from the C-F groups which would be at least 1 eV lower (see 
Figure 4.3.1.3). Therefore the peak assigned as either C-F groups or carbonyl groups can be 
considered representative of the carbonyl groups. In the carbon spectra there is also a peak 
at 4.1 eV which can be assigned to a O-C-F contribution, the fluorine peak for this 
component will be very small, as the component is very small in the C ls  spectrum. The 
peak will appear in a similar position in the FIs spectrum to the C-F] component and 
therefore only one component will be observed in the fluorine 1 s spectra.
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Figure 4.3.1.3. Monochromated AlKa XPS spectra ofPVdF: (a) Cls, after 1 hours 
treatment, (b) Cls, after 48 hours treatment (c), FIs, after 1 hours treatment in 12M NaOH 
at 80°C. Spectra obtained using the Scienta ESCA 300.
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The change in components as a function of treatment time is shown in Tables 4.3.1.1 to
4.3.1.4. Table 4.3.1 . 1  shows the assignments for the carbon Is peaks in the XPS spectrum.
Peak Binding
Energy
Full Width 
Half Maximum
Assignment
1 285.0 1 . 2 ÇH-CH
2 286.3 1.5 ÇH-CF2/ÇOH
3 287.7 1 . 6 C= 0
4 289.1 1.3 ÇOHF
5 290.8 1 . 1 ÇF2
Table 4.3.1.1. Carbon peak assignments for PVdF after treatment with 12M NaOH at 80°C.
In Table 4.3.1.2 the atomic percentages of the elements present show the oxygenation, 
defluorination and contamination present. The percentage of the carbon Is spectrum that 
resides in the specific peaks assigned in Table 4.3.1.1 is shown in Table 4.3.1.3.
Time Element atomic % Others
(hours) Carbon Oxygen Fluorine [ N and Na ]
1 63.5 9.1 25.5 1.9
2 64.2 9.8 24.4 1 . 6
4 64.1 11.7 23.6 0 . 6
8 74.3 15.5 8 . 8 1.4
1 2 67.5 14.6 16.7 1 . 2
24 68.3 15.7 14.0 1.9
36 65.4 13.9 19.5 1 . 1
48 69.1 15.4 13.7 1 . 8
Table 4.3.1.2. Surface composition of elements ofPVdF on treatment with 12M NaOH at 
80°C.
These results are related to elemental composition by displaying the actual percentage of 
carbon functionalities on the sample surface in Table 4.3.1.4. So far the survey spectra, 
carbon Is spectra and fluorine Is spectra of the treated samples have been discussed. The 
different regions of the XPS spectrum all point towards dehydrofluorination occurring 
without the formation of CF groups, however O-C-F groups are identified.
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Time Relative Intensity of Cls Spectra (%)
Hours 1 2  3 4 5
1 27.2 41.3 7.2 1 . 6 22.7
2 30.6 37.6 7.6 1 . 6 2 2 . 6
4 30.4 35.7 9.5 3.6 20.7
8 55.5 25.8 8.5 3.5 6.7
1 2 38.4 36.4 7.9 4.5 12.9
24 40.5 29.2 13.6 5.6 1 1 . 1
36 32.3 36.1 11.3 4.4 15.9
48 41.8 30.1 11.3 5.3 1 1 . 6
Table 4.3.1.3. Results of Peak Fitting of Cls Spectra For PVdF Treated with 12M NaOH at 
80°C as a Function of Time.
All the CF2 groups which are altered do not appear to remain as O-C-F groups, as there is a 
much smaller percentage of these groups than those of converted CF2. In fact the small 
percentage of O-C-F groups that are detected indicate that in the majority of cases both 
fluorine atoms are being stripped off. This process accounts for the majority of oxygen 
incorporation, as can be seen from the carbon Is spectra where oxygen is shown to be in the 
form of hydroxyl and carbonyl groups.
Time Surface Concentration of Carbon Functionalities (atomic %)
(hours) ÇH2 ÇH-CF2 ÇOH Ç=Q COF ÇF2
1 17.3 24.4 3.5 4.6 1 14.4
2 19.6 2 2 . 6 3.9 4.9 1 14.5
4 19.5 2 1 . 1 3.3 6 . 1 2.3 13.3
8 41.2 13.2 6 . 6 6.3 2 . 6 5
1 2 25.9 18.7 6.3 5.3 3 8.7
24 27.6 18.0 2 . 6 9.3 3.8 7.6
36 2 1 . 1 20.7 3.6 7.4 2.9 10.4
48 28.9 18.0 3.9 7.8 3.7 8
Table 4.3.1.4. Surface Composition, with respect to carbon functionalities for PVdF treated 
in 12M NaOH at 80°C as a function of time.
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The oxygen Is spectra should give a greater insight to oxygen functionalities present. The 
peak fitted oxygen Is spectrum is shown in Figure 4.3.1.4, the groups labelled in this figure 
correspond to the oxygen functionalities shown in the carbon Is spectra in Figure 4.3.1.3.
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Figure 4.3.1.4. Monochromated AlKa Ols,  XPS spectrum ofPVdF after 8  hours treatment 
with 12 M sodium hydroxide at 80°C. Spectrum obtained using the Scienta ESCA 300.
However the percentage of oxygen groups in the Cls spectra after eight hours treatment is 
considerably less ( 1 0 %) than the percentage of oxygen found in the oxygen spectrum (15%). 
This could be as a result of hydrogen bonded oxygen that is associated with the surface.
The ratio of the functionalities in the Ols spectrum is different to the ratios of the 
functionalities in the Cls spectrum. This is not an isolated case as it occurs at all treatment 
times. For a full understanding of the oxygen spectra further analysis is required. The Cls 
spectra have been fitted with confidence and relate well with the FIs spectra, and therefore 
the information from these spectra will be used, and the information from the Ols spectra 
will not be used quantitatively. In Chapter 2 the literature indicated the possibility of an 
elimination reaction occurring that would produce a conjugated polyene sequence. The 
presence of the conjugated structures cannot be detected by XPS at this level of resolution, 
as the chemical shift between the (-CH=CH-)n and the (-CH2-CH2-)n structure is
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negligible. However the whole XPS spectrum can shift as a result of the increased 
conductivity that occurs on conjugation. This is shown in the samples that are analysed 
using the ESCALAB where after treatment the whole spectrum shifts down by 3 eV, this is 
more than expected as a result of defluorination. Here the carbon line is 1 eV higher than 
the value for a thin layer of contamination on a conducting standard (e.g. Copper) and 3 eV 
on the binding energy scale lower than that of an insulating sample ofPVdF.
Therefore the XPS spectra indicate that defluorination occurs along with oxygenation over 
the treatment time. Defluorination does not give rise to discrete C-F functionalities, as 
would be expected in an elimination reaction, but the initial fluorine appears to be removed 
by a substitution reaction forming a O-C-F group. This O-C-F group could react further to 
produce a carbonyl structure, through an elimination reaction or substitution could occur to 
produce a COHOH group. This group could react further in an elimination reaction to form 
a double bonded hydroxyl group. All these reactions can compete and their products can be 
seen in the XPS spectra. The production of a polyene structure can occur through these 
reactions taking place however the reactions that I have discussed involve hydroxyl groups 
being present as part of the polyene chain. The relevance of the mechanisms discussed here 
will be examined in more detail in the discussion section of this chapter.
4.3.2. Raman Spectra
The Raman spectra of untreated and treated PVdF is shown in Figures 4.3.2.1(a) and (b). 
After 1 hours treatment the spectra is completely different to the original spectra indicating a 
complete change in the chemical nature of the surface. The peaks at 1129 cm' 1 and 
1525 cm"1 are representative of the C-C and C=C respectively. Then Raman intensity 
increases between 1 to 4 hours treatment and decreases thereafter, indicating that the 
maximum number of polyene chains are produced within 4 hours of treatment.
The spectra are similar to that of polyacetylene84 shown in Figure 4.3.2.2. Polyacetylene 
has a conjugated carbon double bond structure, the length of which can be estimated from 
the distance between the C-C bond peak and the C=C bond peak in the Raman spectra.
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(a) Raman conditions: green laser, 514.53nm) power 200mW over a 
wavenumber range of SSO-lVOOcm"1.
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Figure 4.3.2.1. Raman spectra ofPVdF (a) Untreated, (b) After 1 hours treatment with 
12 M NaOH at 80°C.
Mathematical models that show this relationship between the peak distance and polyene 
conjugation length can be found in the literature for polyacetylene27’85-89. After treatment 
there is no indication in the spectra of the presence of oxygen or fluorine groups, whilst 
fluorine is present, as expected, in the untreated spectra. The Raman spectra of the polyene 
structures formed are not unlike those obtained by Owen and Shah2 7 who treated PVC with 
NaOH at 70°C with a catalyst. Owen and Shah used a mathematical relationship to 
calculate the length of the conjugated chain of their polyene, which they calculated as 1 0  
C=C units.
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4.3.2.2. Raman spectra of polyacetylene84.
The estimation of the conjugated chain length and the polydispersity of the polyene can be 
obtained from the wavenumber of the C=C band (around 1527cm'1). The linear decrease of 
the Raman shift occurs with the inverse of the conjugation length. Schaffer et al85 
investigated the Raman shift of the C-C and C=C peak for different length polyenes 
between 3 to 1 2  C=C bonds in length. Two mathematical methods were discussed in 
Schaffer’s paper, the amplitude model (AM) and an equation based on their experimental 
results. The AM model did not appear to fit the experimental data well while their empirical 
model had no theoretical basis. Data of C-C (R%) and C=C (R4) peak separation was taken 
from Schaffer’s paper and plotted against polyene length. The data produced is shown in 
Figure 4.3.2.4. A logarithm equation produces a best fit line that utilises positions of both 
peaks unlike the equation obtained in Schaffers paper. By use of the graph an estimation of 
conjugation length from our Raman results can be obtained. A separation of 399 cm' 1 of the 
two Raman peaks represents a polyene with 8-9 C=C bonds present.
The Raman results indicate the formation of a polyene structure, without the presence of 
oxygen and fluorine groups. The length of the polyene chain can be estimated at 8  - 9 
carbon double bonds long.
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Figure 4.2.3.4. Raman peak separation (Ri and R4), of polyene structures between 3 - 12  
C=C bonds in length, after Schaffer85.
4.3.3. ToF-SIMS Spectra.
Positive SIMS spectra of the untreated and treated PVdF samples are shown in Figure
4.3.3.1. In the negative SIMS spectra the fluoride ion intensity decreases with treatment 
time, indicating that defluorination occurs on treatment. It is, perhaps, surprising that the 
level of fluorine does not drop to zero, as one would expect if the defluorination reaction 
proceeds to completion. Bearing in mind that the SIMS is more sensitive as an analytical 
technique than XPS (which has a detection limit of 0.1 atomic percent) the results from the 
two surface analysis techniques are in broad agreement with each another. This indicates 
that 5 to 10% of the fluorine atoms at the surface remain intact following the defluorination 
treatment. This point is considered further in the next section. Oxygen intensity increases 
with treatment time indicating inclusion of oxygen into the surface. Small carbon fragments 
increase with treatment time.
Figure 4.3.3.2 (a) shows the excellent consistency of the SIMS results, the positive SIMS 
spectra show masses that are 14 mass units apart (14 represents a CH2 group. Table 4.3.3.1). 
Figure 4.3.3.2 (b) shows the increase in oxygen intensity and a complementary decrease in 
fluorine intensity in the negative spectra with treatment time.
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Figure 4.3.3.1. Positive ToF-SIMS spectra of (a) untreated PVdF, and (b) PVdF after 43 
hours treatment in 12M NaOH at 80°C.
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Figure 4.3.3.2. SIMS counts ofPVdF with treatment time showing, (a) reproducibility of 
data, (b) increasing oxygen counts, and decreasing fluorine counts with treatment time.
In the positive SIMS spectra there are peaks whose intensities increase with time, Figure 
4.3.3.3 (a) and those which decrease with treatment time. Figure 4.3.3.3 (b). From the XPS 
results it is clear that the fluorine components are decreasing with treatment time whilst the 
oxygen components are increasing with treatment time. Therefore it is logical to assign 
peaks that increase with treatment time to oxygen containing species and those that are 
decreasing with treatment to fluorine containing species (as shown in Tables 4.3.3.1 and 
4.3.3.2)
The Raman spectroscopy results indicate that conjugated carbon double bonds are also 
forming on treatment therefore the increased intensity may also be attributed to this type of 
structure, Figure 4.3.3.3 (c), Table 4.3.3.2. In the positive SIMS spectra the smaller CHx 
(x = 0-3) fragments are decreasing.
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Figure 4.3.3.3. (a) Increasing counts with treatment time that are consistent with oxygen 
containing/hydrocarbon structures, (b) decreasing counts with treatment time 
consistent with fluorine containing hydrocarbons, (c) possible conjugated structures, 
increasing with treatment time
The initial increase in intensity relating to conjugated structures in Figure 4.3.3.3 indicates 
that most of the reaction up to Inm in depth has occurred within the first 50 hours of 
treatment. After 200 hours there is a second inflection, indicating that a new stage of the 
reaction may be taking place at the surface. The same pattern is observed for the oxygen 
containing species.
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m/z, Figure 4.3.3.2 (a) Structure
53 c h 2-c h =c h -c h
67 c h 2-c h =c h -c h -c h 2
81 c h 2-c h 2-c h =c h -c h -c h 2
m/z, Figure 4.3.3.2 (b) Structure
16 Oxygen
19 Fluorine
Table 4.3.3.1. Assignment of major peaks in ToF-SIMS spectra of Figure 4.3.3.2.
There are many species indicated that could be attributed to groups containing CHF and CF 
groups. The ToF-SIMS data complements the Raman data that indicates the formation of 
conjugated sequences. The ToF-SIMS data also confirms the XPS data which indicates that 
C-F groups do not remain within the conjugated structure as indicated by the low surface 
concentration of fluorine present. XPS and ToF-SIMS both indicate oxygenation on 
treatment as well as partial defluorination of the polymer.
m/z, Figure 4.3.3.3 (a) Structure
42 CH2-CH2-CH2 and/or CH=CH-COH
55 CH2-CH2-CH=CH2 and/or CH=CH-COH
79 c h =c h -c h =c h -c h =c h 2
129 CHOH=CH-CHOH-CH=CH-CHOH
m/z, Figure 4.3.3.3 (b) Structure
31 CF
45 CH=CHF
89 c h f -c h 2-c h 2-c h 2-c h 3
113 c f2-c h -c f2
m/z, Figure 4.3.3.3 (c) Structure
53 c h =c h -c h =c h 2
91 CH=CH-CH=CH-CH=CH-CH
105 CH=CH-CH=CH-CH=CH-CH=CH2
Table 4.3.3.2. Assignment of major peaks in ToF-SIMS spectra of Figure 4.3.3.3.
4.3.4. Infrared Spectra.
The infrared spectra in Figure 4.3.4.1 show PVdF prior to and after treatment. The spectra 
indicate formation of carbon double bond groups (1600 cm'1) on treatment with a change in 
the fluorocarbon groups (1000 to 1250 cm"1). The transmittance at 1600 cm"1 is weak as a 
result of the fact that the C=C bond can be inactive in infrared when part of a symmetrical 
conjugated structure, (normally conjugated structures are not active in the infrared but are
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Raman active).
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Figure 4.3.4.1. ATR FT-IR after treatment with 12M NaOH at 80°C.
Complex changes occur in the fluorocarbon stretching frequencies (1250 to 1000 cm'1) in 
the fingerprint region of the spectrum, indicating that the fluorine groups change with 
treatment. The hydrocarbon deformations 1350 to 1450 cm'1 and 800 to 
900 cm'1 do not change significantly with treatment. There is an indication of oxygen 
present in the form of OH groups between 3200 to 3500cm'1 in the infrared spectra. The
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very weak broad peak that is visible here is representative of hydroxyl groups that are 
hydrogen bonded, and therefore not free. The band is very weak and therefore the 
concentration of these groups present is extremely low. When examined closely the peak at 
1600 cm'1, which can be identified as representing a conjugated polyene double bond stretch 
(in a non-symmetrical structure), has a small feature to the higher wavenumber side of the 
peak. This small peak is indicative of the carbonyl stretch, between 1600 to 1700 cm"1. 
Again this peak is weak indicating a small concentration of carbonyl groups existing in the 
treated polymer.
All the changes in the infrared spectrum are very weak as a result of the analysis depth of 
the technique probing much deeper than that of the treatment, therefore the spectra are 
dominated by the bulk PVdF spectrum. Also the polyene double bond stretch does not 
show up well in infrared as a result of the symmetry that is found in such molecules. The 
amount of oxygen inclusion appears to be low at an appreciable depth into the polymer and 
therefore does not show up well in the spectra.
4.3.5 Rutherford Backscattering Spectrometry.
RBS spectra ofPVdF film (50um), treated with 12 M sodium hydroxide at 80°C for 208 
hours (a), and untreated (b), are shown in Figure 4.3.5.1. The two spectra are very similar, 
and similar fits are obtained with the Datafurnace programme, as shown in Figure 4.3.5.2. 
There appears to be a small difference in the two spectra in Figure 4.3.5.1, where the edges 
of the treated sample are not as well defined. The fluorine edge, however is in the same 
position, indicating that there is no significant change in the depth of the fluorine in the 
treated PVdF samples at this analysis depth. The composition of the untreated and treated 
samples are found to be the same, within the experimental and modelling errors of the 
technique, as discussed in Chapter 3.
This was the case for all the samples between 1 to 256 hours of treatment, and therefore the 
treatment is not deep enough for RBS analysis to be of any use in this case. The depth of 
the treatment is estimated to be less than 0.1 jam.
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Figure 4.3.5.1. RBS spectra ofPVdF film samples (50um) treated with 12MNaOH at 80°C 
for (a) 208 hours, (b) Untreated PVdF Film.
4.4. Discussion.
Defluorination, oxygenation and the formation of a conjugated carbon double bond structure 
is shown to occur on treatment with sodium hydroxide (pH 14). The polymer discolours 
slightly on treatment, from translucent white to a yellow colour, indicating that a reaction 
has taken place.
4.4.1. Surface Chemistry of the Defluorination Process.
XPS analysis indicates that the oxygen present is mainly in the form of carbonyl and 
hydroxyl groups however a small percentage of O-C-F groups are also present. From the 
XPS and Raman results it is evident that no significant amount of CF groups remain after 
treatment. Although SIMS indicates the presence of CF groups in the spectra, the intensity 
of these groups decrease with treatment, which indicates they are an intermediate species 
present during the reaction. If the majority of these CF groups did not react further much 
higher intensities of CF ions would be expected to account for all the CF2 groups that were 
defluorinated.
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Figure 4.3.5.2. The fit of the RBS spectra for untreated PVdF film (50um).
The SIMS process is a result of collisions caused by the impact of gallium ions at the 
surface. These collisions can lead to a cascade of secondary collisions where small parts of 
the substrate are sputtered and the ions are accelerated towards the analyser. This leads to 
most of the ions detected being fragments of the original molecules. Therefore some of the 
CF ions produced could originate from a CFz containing fragment on the surface. This is 
supported by the fact that there are high CF counts from untreated PVdF which does not 
contain CF species but only CFz species and CH2 species. XPS indicates the presence of 
CF2 but not CF species. In the SIMS spectra the CF fragments are decreasing on treatment, 
if the end product of defluorination was CF species, then an increase of CF species would be 
expected on treatment, which is not the case. The ToF-SIMS spectra also indicates the 
formation of conjugated carbon double bond structures that do not contain CF species. All 
these factors suggest that once one fluoride ion is removed from the CF2 species the second 
fluorine is removed rapidly and replaced by either a proton, a hydroxyl ion or a carbonyl 
group. Previously all published mechanisms suggest that CF is formed on treatment, in our 
case it is present as intermediate. The residual fluorine is present as O-C-F species and CF2 
species after treatment indicating that total defluorination does not occur. The remaining 
CF2 species represent only a small amount of the initial concentration of fluorine (5 to 10%,
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that is 2 to 4.5% of the end product) and may be attributed to crystalline parts of the 
polymer that are difficult to penetrate. This possibility is a fertile area for further study.
The reduction in the lower mass carbon containing ions in the positive ToF-SIMS spectra 
may be a result of a more stable conjugated double bond system making it less likely for the 
smaller masses to separate from the main chain. Small carbon fragments are more likely to 
appear in the negative spectra due to the odd electron ions created during the break up of a 
conjugated double bond system.
The ToF-SIMS and XPS spectra both indicate the formation of C-OH, O-C-F and C=0 
groups. Mechanisms for oxygen inclusion in the form of hydroxyl groups and carbonyl 
groups have been suggested by Brewis et al45. The mechanisms they proposed included the 
formation of CF groups, as shown in Chapter 2, our results clearly indicate that CF groups 
are not present in the final product. Also these mechanisms do not account for the presence 
of O-C-F groups, therefore a different mechanism must be considered.
4.4.2. The Formation of a Conjugated Structure at the PVdF surface.
Infrared spectroscopy indicates the formation of a carbon double bond structure, and a small 
amount of oxygen is shown to be present in the form of carbonyl and hydroxyl groups. 
Raman indicates that a polyacetylene type structure is formed but there is no evidence of 
fluorine or oxygen groups in the Raman spectra. Polyenes, such as polyacetylene have been 
investigated in the past for their conductive properties. The discovery of formation of a 
polyene structure leads to the rather tantalising possibility that the modified layer on the 
PVdF may possess intrinsic conductivity. Attempts to measure the surface conductivity 
were inconclusive, but if the layer formed is indeed an intrinsically conducting polymer the 
conductivity is low (< 105 Hem'2).
The ToF-SIMS spectra indicate that the oxygen is present mainly in the forms of hydroxyl 
and carbonyl groups and attached to conjugated carbon double bond structures. The XPS 
spectra indicate oxygen is present in three forms hydroxyl, carbonyl and O-C-F groups. 
From the XPS results a typical chain structure can be estimated, but XPS does not account 
for hydrogen, which must be included where appropriate.
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The quantitative XPS data indicate that the final conjugation length could not exceed 2 
double bonds. The Raman spectroscopy indicates a conjugation length of 8 double bonds 
for a polyacetylene structure with a similar Raman spectra, whilst this is of the same order it 
cannot be described as being in good agreement. The difference is believed to result from 
the discrepancy in analysis depths between the two techniques, indicating compositional 
changes in the near surface region. Although RBS indicates that the treatment does not 
exceed 0.1 pm, the surface specific techniques analyse less than 5 nm, the Raman 
spectroscopy analyses up to microns in depth, therefore the Raman spectra will be 
dominated by the polyene chains between 5nm to 0.1 pm in depth. The carbonyl and O-C-F 
groups disrupt the conjugation chain length therefore a longer chain length is unlikely with 
the observed concentration of oxygen at the surface.
4.4.3. Depth of Treatment.
The variation of composition with depth, on the micrometer scale, was investigated by the 
use of Rutherford backscattering spectrometry. The RBS technique in this case probed 
between 0.1 to 1.4 microns in depth, no change in the PVdF structure was observed over 
treatment time, therefore the treatment penetrates to less than 0. lum. This indicates that the 
techniques that probe to a deeper analysis depth, i.e. infrared spectroscopy and Raman 
spectroscopy may be dominated by the contribution from the bulk PVdF. This is indeed the 
case for the infrared spectra, where the changes in the samples over treatment time are 
shown by the presence of very small peaks in the spectra. Raman spectroscopy on the other 
hand is dominated by the Raman-active polyene structure formed and therefore does not 
suffer from the small depth of the modified layer.
Raman and infrared spectroscopy probe much deeper into the surface (microns) than that of 
ToF-SIMS and XPS. The vibrational spectroscopies indicate that deeper into the sample 
oxygen is not being incorporated into the structure in as great amounts as at the surface, 
therefore permitting a longer conjugation length.
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4.5. The Degradation Mechanism.
A possible mechanism of defluorination in aqueous solution is shown below:
i)
"""[CF2-CH-CF2-CH2>«^" NaOH^ ^ w [(T ?-CH-CF2-CH2^—- -■ H2 O
OH
As a result of the high alkalinity of the aqueous solution and high temperature, 
deprotonisation of an in chain CH2 group will occur quite readily to achieve the above 
equilibrium. The resulting anion is stabilised by the presence of four electron withdrawing 
atoms i.e. fluorine.
2)
[CF2 % K cF-C H  j  a wwyw[CF2 -CH=CF-CH2]^—  + Fe
k
'7
The above chain fragment can rearrange as shown to yield the in chain C=C double bond, 
this is known as an elimination reaction. The F" ion is stable as the reaction occurs in 
aqueous solution and the driving force is the formation of a carbon to carbon double bond. 
Steps 1 and 2 may occur simultaneously via an E2 (elimination, bimolecular, explained in 
Chapter 2) in chain reaction.
Hydroxylation could occur prior to the elimination reaction however this is unlikely as it is 
part of a long polymer chain and will thus experience high steric hindrance.
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The C=C double bond formation involves the creation of a C-F bond. All analytical data 
presented in the paper indicates that there is no C-F in the treated PVdF surface. It is 
concluded therefore that step 3) occurs very rapidly on the production of the C=C double 
bond in step 2). The fluorine not the hydroxide breaks because of the high activity of 
hydroxide in solution. The above reaction thus reduces the activity of hydroxide in solution.
4)
H
-CF2 C = C  CH,
H
CF2------Cj——c — c h 2----- + H20
o — H 
G OH
Step 3
H
H
c - r - c  Ç CH2
©
c — c — ch2
o
o
In the presence of an alkaline environment deprotonisation of the unincorporated hydroxide 
will occur. The resultant structure is resonance stabilised, as shown, and will lose fluoride
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which is stable in aqueous solutions. Again the driving force is the formation of a carbon- 
carbon double bond.
4.6. Conclusions.
Defluorination and oxygenation, and film discoloration occurs on treatment. The formation 
of conjugated double bond structures on treatment are indicated by ToF-SIMS, Raman 
spectroscopy and FT-IR, whilst the chemical changes of the process can be followed by 
XPS. Raman, XPS and ToF-SIMS also indicate that the removal of fluorine occurs in such 
a manner that CF groups are present as an intermediate group only. The XPS results also 
indicate that the oxygen present in the near surface region is mainly in the form of hydroxyl 
and carbonyl groups but also to a lesser extent in the form of O-C-F groups. On completion 
of the reaction the product in the near surface region is of the form:
[-C(0H)=CH-C(0)-CH=CH-C(0H)=CH-C(0)-CH=CH-C(0F)-CH-]n
The proposed reaction mechanism entails a number of steps which are energetically 
unfavourable and highly unlikely to occur under normal conditions e.g. substitution of 
fluorine for hydroxide. However the material is exposed to 12 M NaOH at 80°C which, as 
expected, is a very aggressive environment. The presence of such high activities of 
hydroxide transforms unfavourable reactions because they result in a reduction in the 
hydroxide concentration. Deeper in the polymer the oxygen is not incorporated into the 
polymer during the treatment and a polyene structure of 8 double carbon bonds in length, 
not unlike that of polyacetylene, is created.
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5. Surface Modification of Poly(vinylidene fluoride) by Sodium 
Hydroxide with Phase Transfer Catalysts.
The experimental details of the treatment ofPVdF with sodium hydroxide and phase 
transfer catalysts (PTCs) are discussed in this chapter. The samples used and analytical 
techniques are described in detail in Chapter 4. The analytical results and preliminary 
conclusions will be discussed in this chapter. A mechanism of surface modification is 
proposed and justified step by step.
5.1 Sample Preparation
The PVdF film samples of 25, 50 and 100pm in thickness were used in this set of 
experiments. The PVdF is in the p-crystal form, injection moulded samples were not used 
here as the films can be analysed with greater ease in all the techniques, due to a reduction 
in charging and surface roughness.
5.1.2. Sample Treatment
Solutions (250ml) of 4M sodium hydroxide were made from milliQ water and analar grade 
sodium hydroxide pellets, supplied by Aldrich. Between 0.00125 moles to 0.125 moles, of 
phase transfer catalysts were added to these solutions. The solutions were placed in a 
waterbath at 80°C, at 110 revolution per minute, for at least an hour prior to immersing the 
samples. Samples were placed in the solutions for between 0.5 to 48 hours. After the 
designated time the samples were removed from the solutions and frames and rinsed in 
milliQ water and then soaked in milliQ water for two days. The samples were then dried in 
a laminar flow air cabinet. In some cases contamination was still apparent in the form of 
sodium, which dominated the SIMS spectra. This is a result of the extremely high 
ionisation cross-section, in an effort to remove more of this element, the samples were 
ultrasonically cleaned in milliQ water for 1 minute, then placed in a beaker of fresh milliQ 
water and ultrasonically cleaned once again for one minute. In all cases this reduced the 
amount of sodium present, however in some cases the sodium still dominated the SIMS 
spectra. SIMS is very sensitive to sodium, therefore small amounts of sodium will lead to 
high sodium counts in the spectra. The experimental details are summarised in Table
5.1.2.1.
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Catalyst Moles Reaction Time (hours)
TBAH 0.125 2
TBAB 0.125 0.5, 1 and 2
TBPB 0.125 2
0.0025 1,2,4,8,12 and 24
TBAHS 0.125 2
0.0025 1,2,8 and 24 hours
0.00125 1,2,8 and 24 hours
Table 5.1.2.1. Experiments, in 250 cm3 of 4M NaOH solution at 80°c in a shaking 
waterbath (111 rpm).
The phase transfer catalysts used are as follows:
1) TBAHS - Tetrabutyl ammonium hydrogen sulphide.
2) TBAB - Tetrabutyl ammonium bromide.
3) TBPB - Tetrabutyl phosphonium bromide.
4) TBAH - Tetrabutyl ammonium hydroxide.
The basic structure of the catalysts is shown below:
C4H9
C4H9 -------  Om+----------  C4H9 Ion
C4H9
Where Om+= onium cation N* or P+ Ion"= Bf, OH", or H2 SO4"
5.1.3. Catalyst Selection.
Initially four 250 cm3 solutions of 4M sodium hydroxide were prepared, each with 0.125 
moles of a different catalyst added; 1. TBAB, 2. TBPB, 3. TBAHS, 4. TBAH. One film 
was placed in each solution for two hours. Two more samples were placed in solution 1 
(TBAB) and one sample was removed after 30 minutes and the other after 1 hour. This
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catalyst was selected to assess different times, as the literature41,44,45 indicated it is an 
effective treatment for the dehydrofluorination ofPVdF.
Prior to treatment PVdF film is white translucent in appearance. After treatment a colour 
change was observed for all films as shown in Figure 5.1.3.1. The TBAB, TBPB and 
TBAHS treated films (2 hours) are a deep brown colour, whereas the TBAH treated film had 
hardly changed in colour.
Figure 5.1.3.1. Change in colour of the PVdF 50 pm films after treatment with 4M NaOH 
and 0.125 moles of PTC at 80°C. (1) TBAHS 2 hours, (2) TBPB 2 hours,
(3) TBAH 2 hours, (4) TBAB 2 hours, (5) TBAB 1 hour, (6) TBAB 30 minutes.
The PVdF samples treated above were analysed by XPS, the results of which are shown in 
Table 5.3.1.2. These results clearly indicate that more defluorination occurs with the 
catalysts than without a catalyst, with the exception of TBAH. These results also show that 
defluorination occurs to a similar extent with all the catalysts with the exception of TBAH. 
The results also show a difference in oxygen inclusion with the different catalysts. The 
PVdF film treated with TBAHS contains 25% oxygen in the surface region where in all 
other cases oxygen inclusion is less than 14%. Therefore TBAHS is encouraging oxygen- 
incorporating reactions, such as the substitution reactions discussed in Chapter 2, whereas 
the other catalysts may be encouraging elimination reactions, leading to less oxygen being 
incorporated in the film.
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Catalyst Element Atomic % 
Carbon Oxygen Fluorine Sodium Nitrogen
No Catalyst* 64.2 9.8 24.4 - 1.6
TBAHS 69.3 25.4 4.1 1.2 -
TBAB 86.5 9.1 3.3 1 -
TBPB 93.1 3.7 1.9 1.2 -
TBAH 62.3 13.5 23.7 0.5 -
*12M NaOH used, over 48 hours treatment.
Table 5.1.3.2. Elemental concentrations of samples treated with 4M NaOH at 80°c for 2 
hours with different catalysts (0.125moles).
The samples were also analysed by ToF-SIMS, the change in intensity for the elemental 
ions F" and O and the hydrocarbons CH" and O^H are shown in Figure 5.1.3.2.
# 13 CH
60,000 -
16 040,000
20,000 -
— X—  19 FX
f  y  z
Treatment
-®—  25 C2H
* this sample has been treatedfor 48 hours whereas the other samples were treated for 2 
hours only.
Figure 5.1.3.2. Negative ToF-SIMS counts for PVdF samples treated with 0.125 moles of 
different catalysts with 4M NaOH at 80°c for 2 hours.
The ToF-SIMS results also indicate that the catalysts increase defluorination and 
hydrocarbon intensity, that is with the exception of TBAH. This catalyst is not as effective 
as the others studied in this investigation and, therefore was not chosen for further 
investigation. The ToF-SIMS results show the catalyst treatment produces masses (strictly 
m/z) that are consistent with conjugated structures as shown in Figure 5.1.3.3. Although
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the samples treated with TBAH appear to contain a greater number of conjugated structures, 
this is at a short chain level, longer conjugated structures could be formed by the other 
samples so that the percentage of these short chain structures would be reduced.
67 CH2-CH=CH- 
CH=CH2
53 CH=CH-CH=CH2 81 CH3-CH=CH- 
CH=CH-CH2
□  TBAB
1000
800
600
400
200
□  TBAHS
□  TBPB
Conjugated Structures
Figure 5.1.3.3. Possible conjugated structures in the positive ToF-SIMS spectra ofPVdF 
treated with 0.125 moles of catalyst and 4M NaOH at 80°C for 2 hours.
All the catalysts are shown to remain on the sample, as shown in Figure 5.1.3.4. For TBPB 
and TBAB the catalyst is shown to remain on the surface in the form of bromide ions and 
the onium ions that form the ion pair of the catalyst. In the case of TBAHS and TBAB the 
fragments of onium ions that are detected are in the form of m/z = 142, (C^çjzN^CHi, 
m/z = 184, (C4Hç))2N+C4H8, Figure 5.1.3.4 (b) and (c) m/z = 242, (TUH^ N. Large 
proportions of the catalysts are found as fragments, therefore suggesting interaction with the 
sample. This is also the case for TBPB, see Figure 5.1.3.4. (c) m/z = 259, (€4 ^ ) 4  P+, this 
fragment can also represent the ion pair of the catalyst TBAH, m/z = 259, (€ 4 ^ ) 4  N+ OH", 
in this case the ion pair does not separate readily as in the previous cases as can be seen by 
the small amount of the fragmented catalyst in Figure 5.1.3.4 (b), and double the amount of 
the ion pair at m/z = 259.
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Figure 5.1.3.4. Catalyst ions detected by SIMS after sample washing.
(a) m/z= 79,81, bromide ions, (b) m/z =142, (C ^ i^ N  +CH2 , m/z =184, (C^^zN ^C^g,
(c) m/z =242, (€ 4X9 )4  N+, m/z= 259, (€4X9 )4  N+ OX", or (€4X9 )4  P+.
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All the catalysts fragment to give characteristic peaks in the SIMS spectra, where the onium 
ion splits from the negative ion, as well as the break-up of the onium structure, however the 
TBAH also shows a peak representative of the ion pair. The catalysts TBAB, TBPB and 
TBAHS, which have ion pairs at m/z = 321/323, 338/340 and 338 respectively do not have 
well defined peaks at these values, this indicates the break up of the structure prior to 
interaction with the sample. Whereas TBAH can interact with the sample prior to break-up, 
perhaps in a hydrogen-bonding manner therefore preventing further reaction. The high 
percentage of fluorine remaining in the TBAH treated sample indicates that this may indeed 
be the case.
For TBAB and TBAHS the catalyst is shown to split in the following way after Hofmann12 
degradation has occurred:
c4h 9 c 4H9
C4H — N— C4H9 C4H — N— CH2
m/z= 185 m/z= 142
Mass 142 found in the positive SIMS spectra along with m/z 184, Figure 5.1.3.4, indicates 
that the Hofmann fragment is created as shown above (m/z = 185 is comparable with m/z 
184 as a hydrogen is removed). The Hofmann Rule states that if a quaternary ammonium 
salt contains an ethyl then ethylene is formed preferentially on decomposition to any other 
olefin. This is true of any group that is not a methyl. This indicates that PTCs such as 
TBAB are able to undergo dissociation in the presence of concentrated hydroxides forming 
butene and a tertiary amine.
(C4H9) 4  N+ Br + OH (C4H9)3N + CH3-CH2-CH =CH2 + Br + H20
The reason for the TBAH not dissociating to the extent of the other catalysts could be a 
result of the surrounding NaOH media, the high activity of the hydroxide in the solution will 
prevent the ion pair dissociating. The overall SIMS results and XPS results indicate that 
defluorination ofPVdF occurs less rapidly with TBAH then it does so with the other 
catalysts. Therefore this implies that the efficiency of the catalyst to defluorinate the PVdF 
is directly related to the efficiency of the catalyst dissociating.
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In all cases the catalyst increases the rate of defluorination of the sample and remains on the 
sample after treatment and excessive washing. TBAH is not as efficient as the other 
catalysts which all appear to be of equal efficiency. The other catalysts appear to 
defluorinate the sample by dissociating.
The ToF-SIMS results show that all the catalysts promote less oxygen inclusion than with 
sodium hydroxide treatment alone. The XPS results show that more oxygen is included into 
the TBAHS sample than the TBAB and TBPB samples. Because of this TBPB, which had 
the least amount of oxygen inclusion, and TBAHS, with the most oxygen inclusion, were 
chosen for further investigations.
5.1.4. Catalyst Concentration.
The number of moles of the catalyst in the initial experiments was 0.125 M, this is a very 
high concentration for a catalyst in the 250 cm3 of solution, this excessive amount was used 
in the preliminary experiments to insure enough was used to compare the different catalysts. 
In this section the catalyst TBAHS was used to assess the concentration of catalyst required.
Typical levels of catalyst are in the regime 0.01 moles to 0.005 moles in 1000cm3 of 
solution, I with the small volumes being used in this work, accurate measurement of such 
small amounts of catalyst is difficult. Therefore the two extremes 0.01 and 0.005 moles 
were considered to be investigated. To adjust the required concentration of catalyst for use 
in 250 cm3 of solution, 0.0025 moles and 0.00125 moles of catalyst were used to treat PVdF 
for up to 24 hours. Figure 5.1.4.1 shows the results of the ToF-SIMS analysis ofPVdF 
treated with 4M NaOH at 80°C for up to 24 hours in (a) 0.0025 moles of TBAHS and (b) 
0.00125 moles of TBAHS. The results show that after 8 hours treatment with 0.0025 moles 
of TBAHS the amount of defluorination has levelled off, giving fluorine counts of around 
30,000, the number of fluorine counts after 8 hours treatment with 0.00125 moles of 
TBAHS is also around 30,000. These results indicate that the catalyst concentrations of 
0.00125 moles and 0.0025 moles of TBAHS both accelerate the defluorination reaction of 
4M NaOH with PVdF. The extent of defluorination does not appear to be affected by the 
difference in between the two concentrations used in this case.
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Figure 5.1.4.1. Graph to show SIMS analysis results ofPVdF treated with 4M NaOH at 
80°C for up to 24 hours (a) with 0.0025 moles of TBAHS, (b) with 0.00125 moles of 
TBAHS.
The PVdF film (50pm) samples treated with the different concentrations of catalyst 0.00125 
moles and 0.0025 moles (and 4M NaOH at 80°C) were analysed by XPS. The results of 
which, shown in Figure 5.1.4.2, confirm the conclusions drawn from the SIMS results. 
Defluorination is accelerated by the presence of the catalyst, however the concentration of 
the catalyst (within the concentration range tested) does not greatly effect the level of 
defluorination.
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Figure 5.1.4.2. Results from the XPS analysis ofPVdF treated with 4M NaOH at 80°C for 
up to 24 hours with 0.0025 moles or 0.00125 moles of TBAHS.
5 .1.4.1. Summary of Concentration of Catalysts.
Although PVdF samples were treated with different concentrations of TBAHS, (0.00125 
moles and 0.0025 moles), there was no appreciable difference in the surface analysis data 
between the two concentrations. The catalyst concentration of 0.0025 moles was chosen for 
future experiments in order to monitor the early stages of defluorination more readily.
5.2. XPS Analysis.
XPS was used to analyse the PVdF film samples treated with 250 cm3 of 4M NaOH and 
0.0025 moles of catalyst (TBPB or TBAHS) at 80°C for between 0 to 24 hours. Figure
5.2.1, shows the survey spectra and fitted carbon Is peak ofPVdF treated with 0.0025 moles 
of TBPB and 4M NaOH at 80°C after 4 hours treatment. The assignments of the carbon Is 
peaks are shown in Table 5.2.1. These results show that after 4 hours treatment time the 
surface modification involves oxygen inclusion along with almost complete defluorination.
It is shown that oxygen could be present in the form of ester, hydroxyl, and carbonyl groups. 
However the assignment of the peaks in Figure 5.2.1, could be, as shown in Table 5.2.1 
more than just one component, whether or not all these oxygen groups are present is 
unclear. The remaining fluorine groups are present either in the form of CF, =CF or O-C-F 
groups, no CF2 groups remain. The formation of a shake-up satellite, peak 5,
indicates the formation of conjugated C=C structures.
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Figure 5.2.1. XPS spectra ofPVdF treated with 0.0025 moles of TBPB and 4M NaOH at 
80°C for 4 hours (a) survey spectrum, (b) carbon Is spectrum.
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Peak Binding
Energy
Full Width 
Half Maximum
Assignment
1 285.0 1.3 ÇH-CH
0 086 6 1 5 CH-CFO/COH/COC
3 288.0 1.5 Ç=0/ÇF/ÇF=
4 289.0 1.3 ÇOF/COOH
5 290.4 1.3 7Z—Ï7Z*
6 290.4 1.2 c f2
Table 5.2.1. Carbon peak assignments for PVdF after treatment with 4M NaOH at 80°C 
with PTCs using the ESCA 300.
The change in surface concentration of elements with time of treatment with TBPB is 
shown in Table 5.2.2. In this table the extent of oxygen inclusion is shown to reach 20%, by 
8 hours treatment, this does not increase with longer times. At shorter treatment times (>1 
hour) the oxygen inclusion is at least 16%, therefore, the increase in oxygen between 1 to 8 
hour of treatment is very low.
Time Element Percentage
(hours) C O F Na P N Br
24* 54.5 3.4 41.6 0.0 0.4 0.0 0.0
1 75.7 16.6 2.7 2.0 1.3 1.6 0.3
2 73.3 17.0 4.1 4.0 1.5 0.0 0.5
4 70.9 18.7 4.0 4.0 1.3 0.0 0.7
8 72.4 20.5 3.0 3.0 0.6 0.0 0.5
12 72.4 20.5 3.0 3.0 0.6 0.0 0.5
24 70.1 20.3 3.4 4.6 0.9 0.0 0.7
*24 hours treatment with 0.01M TBPB and no NaOH
Table 5.2.2. Surface composition ofPVdF on treatment with 4M NaOH at 80°C with 
0.0025 moles of TBPB.
The defluorination reaction leaves only 3 to 4% fluorine at the XPS analysis depth after 1 
hours treatment, this does not change over longer periods of treatment. The presence of 
phosphorus and bromine indicates the inclusion of the catalyst into the sample, albeit in 
small quantities.
The change in carbon Is components with time of TBPB treatment is shown in Table 5.2.3.
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Time Peak Percentage
(hours) PI P2 P3 P4 P5 P6
24* 13.3 47.2 2.4 0.0 0.0 36.8
1 70.9 18.7 6.2 3.0 1.0 0.0
2 69.3 16.0 8.4 4.1 2.0 0.0
4 70.9 17.7 8.7 1.9 1.0 0.0
8 72.1 16.2 8.4 2.5 1.0 0.0
12 67.1 21.2 6.8 4.9 0.0 0.0
24 66.7 22.8 6.4 4.1 0.0 0.0
*24 hours treatment with 0.01M TBPB and no NaOH
Table 5.2.3. Results of peak fitting of Cls spectra for PVdF treated with 4M NaOH at 80°C 
with 0.0025 moles of TBPB as a function of time.
Table 5.2.4, shows the surface composition with respect to carbon functionalities over 
treatment time with TBPB.
Time Surface Concentration of Carbon 
Functionalities (atomic %)
(hours) c h 2 COH/COC/
ÇH-COF
C=0
/CF
ÇOF/ 71—>71* c f 2
24* 7.3 26.0 1.3 o
' o O O 20.2
1 53.9 14.2 4.7 2.3 1.0 0.0
2 50.6 11.7 6.1 3.0 1.5 0.0
4 50.3 12.6 6.2 1.3 0.6 0.0
8 52.6 11.8 6.1 1.8 0.6 0.0
12 48.3 15.3 4.9 3.5 0.0 0.0
24 46.7 16 4.5 2.9 0.0 0.0
*24 hours treatment with 0.01M TBPB and no NaOH
Table 5.2.4. Surface composition, with respect to carbon functionalities for PVdF treated in 
4M NaOH at 80°C with 0.0025 moles of TBPB as a function of time.
Tables 5.2.5 to 5.2.7 present the same information as Tables 5.2.2 to 5.2.4 for TBAHS. 
Table 5.2.5, shows the concentration of elements ofPVdF after treatment with 4M NaOH 
and 0.0025 moles of TBAHS at 80°C.
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Time Element Percentage
(hours) C O F Na N
24* hrs 52.5 2.1 45.4 1.0 0.0
1 67.9 21.3 3.6 5.5 1.7
2 69.9 21.1 3.7 3.8 1.5
4 63.6 19.2 6.9 9.0 1.3
8 88.0 10.9 1.0 1.0 0.0
12 76.0 19.4 2.3 2.3 0.0
24 73.3 19.9 2.5 3.1 1.2
*24 hours treatment with 0.01M TBAHS and no NaOH
Table 5.2.5. Surface composition ofPVdF on treatment with 4M NaOH at 80°C with 
0.0025 moles of TBAHS.
The presence of nitrogen indicates that the catalyst has interacted with the surface, although 
the concentration is small. Again the concentration of oxygen is about 20% and does not 
change appreciably between 1 to 24 hours treatment, the 8 hour treatment contains half the 
oxygen concentration of the samples treated for 4 hours and 12 hours. There is no obvious 
reason for this, so the sample has been discarded as a rogue result. The percentage of 
fluorine drops to around 3% within one hour of treatment time. Table 5.2.6, shows the 
change in carbon Is peak percentages with time of TBAHS treatment, for the peak 
assignments see Table 5.2.1.
Time Peak Percentage
(hours) PI P2 P3 P4 P5 P6
24* 3.8 48.3 1.8 1.9 0.0 44.2
1 63.5 19.9 5.3 9.7 1.5 0.0
2 61.9 24.8 10.5 2.5 0.0 0.0
4 62.1 23.8 9.0 3.6 1.5 0.0
8 82.7 12.4 1.0 3.8 0.0 0.0
12 69.3 20.7 7.6 2.6 0.0 0.0
24 66.9 18.4 7.4 5.9 1.3 0.0
*24 hours treatment with 0.01M TBAHS and no NaOH
Table 5.2.6. Results of peak fitting of the Cls spectra for PVdF treated with 4M NaOH at 
80°C with 0.0025 moles of TBAHS as a function of time.
Table 5.2.7, shows surface composition with respect to carbon functionalities over TBAHS 
treatment time. These tables also show oxygen inclusion in the TBAHS treated samples,
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could be present in the form of ester, hydroxyl, and/or carbonyl groups, again this is unclear 
as discussed above. Fluorine is present in the form of either CF,=CF or O-C-F as with the 
TBPB treated samples, however fluorine is not present in the form of CF2 . Again the 
presence of the shake-up satellite indicates the formation of a conjugated C=C
structures.
Time Surface Concentration of Carbon Functionalities 
(atomic %)
(hours) CH2 COH/COC/ Ç=0/ ÇOF CF2
_______________ CH-COF/CH-CF2 CF__________________________________
24* 2.0 25.6 1.0 1.0 0.0 23.2
1 43.2 13.5 3.6 6.6 1.0 0.0
2 43.3 17.4 7.4 1.8 0.0 0.0
4 39.7 15.2 5.8 2.3 1.0 0.0
8 72.8 10.9 0.9 3.3 0.0 0.0
12 52.7 15.7 5.8 2.0 0.0 0.0
24 48.8 13.4 5.4 4.3 0.9 0.0
*24 hours treatment with 0.01M TBAHS and no NaOH
Table 5.2.7. Surface composition, with respect to carbon functionalities for PVdF treated in 
4M NaOH at 80°C with 0.0025 moles of TBAHS, as a function of time.
A typical fluorine spectra of a TBPB treated sample is shown in Figure 5.2.2, this shows the 
two peaks one representative of sodium fluoride and the other of either CF, =CF, or O-C-F. 
The peak representing CF2 in the untreated sample lies at 688.0 eV as expected, however 
after treatment the fluorine peak is shifted slightly (to 687.4 eV), this is not typical of CF 
which should lie at 687.0 eV, but could be shown to be representative of O-C-F. The 
fluorine spectra of the TBAHS treated samples are almost identical to that of the TBPB 
treated samples and therefore the same conclusions can be drawn.
The catalysts, speed up the defluorination reaction, and reduce the incorporation of oxygen 
into the sample. Oxygen is present in more than one of the following forms, ester, 
hydroxyl, and carbonyl groups. The fluorocarbon’s that remain are not in the form of CF2 
groups. Conjugated double bonds are evident in the XPS carbon Is spectra as shown by the 
presence of the shake-up satellite at 290.4 eV.
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Figure 5.2.2. FIs spectrum ofPVdF treated with 0.0025 moles of TBPB and 4M NaOH at 
80°C for 4 hours.
After 1 hour of treatment the reaction appears to be complete in both cases. There is no 
significant difference between the catalyst treatments at this level.
5.3. ToF-SIMS Analysis.
The negative and positive ToF-SIMS spectra of untreated PVdF is shown in Figure 5.3.1, 
and 5.3.2. The fluorocarbon fragments, such as CsKŒV dominate the positive spectrum, as 
is expected. The negative is dominated by an elemental fluorine peak, this is expected as a 
result of the sensitivity of SIMS to fluorine, and for the fact that PVdF is 33 atomic % 
fluorine. There are also peaks representing elemental oxygen and C, CH and CH2, however 
such peaks can explain little about the overall structure. There are also chlorine peaks 
present at m/z = 35 and 37, this is just contamination, negative SIMS spectra are very 
sensitive to electronegative ions, such as F" and Cl", the chlorine ion intensity is insignificant 
in comparison to that of the fluoride ion intensity.
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Figure 5.3.1. Negative ToF-SIMS spectrum of untreated PVdF.
Prior to interpreting the spectra obtained through the catalyst treatments, the catalysts were 
analysed by ToF-SIMS. Each catalyst was separately dissolved in milliQ water, and a 
droplet of solution was dried onto aluminium foil. The resulting spectrum from the TBPB 
sample is shown in Figure 5.3.3.
The negative spectrum of TBPB has two very characteristic peaks attributed to bromine 
(m/z = 79 and 81). The positive ToF-SIMS spectrum shows a characteristic fragment 
pattern involving the removal of the butyl groups from the phosphonium ion. Characteristic 
peaks in the positive spectrum are: m/z = 259, ( P ( C ^ ) ^ ,  and m/z = 229,
Figure 5.3.4. shows the spectrum ofPVdF treated with 0.0025 moles of TBPB at 80°C for 
24 hours. It is clear from the XPS results, Tables 5.2.3 and 5.2.6, that without sodium 
hydroxide, treatment of the PVdF with catalyst does not modify the surface significantly. 
However adsorption is shown to occur in the SIMS results, SIMS is more surface specific 
than XPS and therefore adsorption will be more obvious.
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Figure 5.3.2. Positive ToF-SIMS spectrum of untreated PVdF.
This is indeed the case as shown in the positive spectrum in Figure 5.3.4, the 
fluorocarbon groups which were obvious in the untreated PVdF positive spectrum 
(Figure 5.3.2) are now less obvious, after normalising the intensity for these peaks is 
low. A small amount of catalyst, as shown by the peak at m/z = 259, is responsible 
dominating the spectrum of the PVdF. This must be taken into account when 
comparing the spectra. The negative spectrum in Figure 5.3.4, still has a substantial 
fluoride peak, there are no significant peaks higher than this indicating that the 
catalyst does not effect the negative spectrum in this case.
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Figure 5.3.3. TBPB ToF-SIMS spectra (a) negative spectrum, (b) positive spectrum
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Figure 5.3.4. ToF-SIMS spectra ofPVdF treated with TBPB for 24 hours at 80°C (a) 
negative spectrum, (b) positive spectrum.
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Figures 5.3.5 and 5.3.6 shows the negative and positive spectra ofPVdF after 
treatment with 4M NaOH and 0.0025 moles of TBPB at 80°C respectively. 
Hydrocarbons are present in the negative spectrum in the form of C", CH", CH2", C2", 
C2H\ Oxygen is also present as O' and OH" and elemental fluorine, F .
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Figure 5.3.5. ToF-SIMS spectra ofPVdF treated with 0.0025 moles of TBPB and 4M 
NaOH at 80°C for 24 hours, negative spectrum.
These elemental ions indicate the relative proportions of the elements present. 
However knowledge on the structure of the sample can be obtained from the other 
fragments shown in the negative spectrum, Figure 5.3.5. These fragments indicate the 
chemical environment of the surface. Fragments of m/z that could represent CFH" 
groups and CHFOH" groups are present, as well as m/z that could represent oxygen 
containing groups ((CH^OHk") and conjugated structures ((Œy^CFQs") as shown 
in the negative spectrum, this is consistent with the XPS results. Catalyst peaks, as 
expected, dominate the positive spectrum shown in Figure 5.3.6. Small peaks 
representing PVdF can be found (e.g. CF2H+, C2HF2+, C ^ F ^ j .
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Figure 5.3.6. ToF-SIMS spectra ofPVdF treated with 0.0025 moles of TBPB and 4M 
NaOH at 80°C for 24 hours, positive spectrum.
There are some new peaks that are not representative of either the catalyst or the base 
PVdF. These could either be interpreted as conjugated structures or oxygen 
containing structures, as shown in Table 5.3.1. The oxygen containing groups and 
conjugated structures shown here are consistent with the XPS data.
m/z P ossib le  Structure
299 (CH)23
(CH2CHOHCHOH)3  c h o h c h o h o h
285 (CH)21C
(CH2)2(CHOHCHOH) 3  c h o h c h o h o h
273 (CH) 21
207 (CH)i5C
(CH2CH)(CHOH) 6
82 (CH)4CHOH
79 (CH)5CH2CFOH
CH2(OH) 2
Table 5.3.1. Possible structures formed on TBPB treatment, with 4M NaOH at 80°C 
for 24 hours from the positive ToF-SIMS spectrum.
The characteristic fragment pattern of TBAHS involves striping the butyl groups 
away from the ammonium ion, in some cases fragments are more stable when not all 
of the butyl group is stripped off and a ( %  group remains, e.g. peak m/z = 142,
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(N(C4H9)2CH2)+, this is an important peak for identification of the catalyst. The other 
main characteristic peaks are m/z = 242, (N(C4H9)4 )+ and m/z = 184, 
(N(C4H9MC4W)+.
There are no catalyst peaks in the negative spectrum that will be easily identified on 
the PVdF surface after treatment. As with the TBPB, TBAHS adsorbs strongly onto 
the surface without modifying the PVdF surface significantly. Figure 5.3.7, shows the 
ToF-SIMS spectra ofPVdF after treatment with 0.0025 moles of TBAHS and 4M 
NaOH at 80°C for 24 hours. There are more peaks present in the negative spectrum 
in comparison to that of TBPB. As shown in Figure 5.3.7, there are intense peaks that 
could be representative of oxygen containing groups and conjugated structures. There 
is also an intense peak representing CFHOH" as is consistent with the TBPB negative 
spectrum and the XPS results. Catalyst peaks dominate the positive spectrum, 
although there are two peaks present that are not representative of the catalysts or 
untreated PVdF. M/z =135 could be representative of (CH)g CH2 OH and m/z =105 
which could represent (CH)7CH2 .
The presence of O-C-F groups, oxygen containing groups and possible conjugated 
structures are shown to be formed on treatment, this is consistent with the XPS data.
It is very likely that a large number of structures formed are not identified as a result 
of the dominant presence of the catalyst in the positive spectra. Both catalysts are 
adsorbed on to the surface when no NaOH is present however there is no evidence of 
modification of the PVdF.
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Figure 5.3.7. ToF-SIMS spectra ofPVdF treated with 0.0025M TBAHS and 4M 
NaOH at 80°C for 24 hours (a) negative spectrum, (b) positive spectrum.
5.4. Raman spectra
Figure 4.3.2.1(a) shows a Raman spectrum (green laser) of untreated PVdF. The 
Raman spectrum ofPVdF after 24 hours treatment in 0.0025 moles of TBAHS and
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0.0025 moles of TBPB at 80°C is consistent with the untreated spectra, indicating that 
no modification of the sample has occurred.
Figure 5.4.1 shows Raman spectra (green laser) of the samples treated with 0.0025 
moles of TBAHS for between 1 to 24 hours at 80°C with 4M NaOH. Here a dramatic 
change in the Raman spectra is seen to occur. The treated samples were found to 
degrade substantially under the laser, therefore the laser power was kept low (2mw) 
and time short (20 seconds) to prevent the rapid degradation of the treated films. The 
lower wavenumbers in the Raman spectrum (below 900 cm'1) comprise the finger 
print region, which is very specific to the material structure. Any change in the 
material structure will significantly change the peaks in this region. There are many 
peaks in this region of the Raman spectrum of the untreated PVdF which disappear on 
treatment, indicating a complete change in the structure. The peaks in the region 900 
to 1400 cm"1 in the untreated PVdF Raman spectrum represent fluorocarbons, all of 
the fluorocarbon peaks disappear on treatment. After treatment there is no indication 
in the spectra of the presence of oxygen or fluorine groups. The only peak to remain 
after treatment is the carbon-carbon single bond stretching mode, at 1129 cm"1, shifted 
to account for the fact that the bond is part of a conjugated structure, see Figure 5.4.1. 
There is the formation of a peak at 1527 cm'1 representative of the carbon-carbon 
double bond stretching mode in a conjugated structure. The weak vibration at 
1373 cm"1 could be a result of the interactions of the C-C and C=C stretching modes. 
The Raman spectra therefore show the formation of a conjugated carbon-carbon 
double bond structure.
The distance between the peaks representing the single and double bond stretching 
modes is inversely proportional to the length of the conjugated structure. The 
distance between these peaks between 1 to 24 hours treatment time remains constant, 
indicating that the conjugation length also remains constant with treatment. However 
the peaks intensity does change over time, increasing between 1 to 4 hours and then 
decreasing rapidly with increasing fluorescence up to 24 hours.
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Figure 5.4.1. Raman spectra (green laser) ofPVdF samples treated with 0.0025 moles 
of TBPB for between 0 to 24 hours, at 80°C.
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The increase in the peak intensity is representative of an increase in the number of 
conjugated chains present of one specific length, 8 to 9 carbon double bonds in 
length. After 4 hours treatment the number of chains at this specific length is reduced 
greatly, therefore conjugated chain production is complete within 4 hours at the 
Raman analysis depth. As there is a reduction in the number of chains present a 
process removing these chains must be occurring. The peak at 1373 cm'1 disappears 
after 4 hours treatment, which is consistent with the decrease in the conjugated 
structure, and therefore also consistent with the assigning of the peak at 1373 cm'1 
being a result of the interactions of the C-C and C=C stretching modes.
The resonant enhancement of the peaks in the range analysed is a result of the 
Tt-electron polarizability and the coupling of these vibrational modes to the lowest 
vibrational state. Samples analysed with the red laser produced Raman spectra of 
inferior quality. The samples treated with 0.0025 moles of TBPB and 4M NaOH at 
80 °C for between 1 to 24 hours are practically identical to those obtained with 
TBAHS, indicating that both catalysts work to give similar results.
Treatment with the catalysts and NaOH produce a conjugated structure, as shown by 
Raman spectroscopy. The optimum treatment time for the maximum number of 
polyene structures is 4 hours when treating at 80° C with 0.0025 moles of catalyst and 
4M NaOH. In the Raman spectra there is no apparent difference between the two 
catalyst treatments.
5.5. Rutherford Backscattering Spectrometry.
The samples were treated with either 0.0025 moles of TBPB, or 0.0025 moles of 
TBAHS, and 4M NaOH at 80 °C for between 1 to 24 hours. The two sets of catalyst 
treated samples gave similar results indicating formation of the same products and 
therefore the same mechanisms can be assumed to occur. In this section the results 
obtained from the samples treated with TBAHS will be described, as the samples 
treated with TBPB produced practically identical^results, the latter samples need not 
be discussed in detail. The untreated sample data are shown below in Figure 5.5.1. j  
The Datafurnace software fits this data to produce the trendline shown.
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Figure 5.5.1. RBS data and fitted trendlines for the untreated sample.
For channels 1 to 50 the data are unreliable as scattering is too great at this analysis 
depth, therefore to reduce processing time the software only fits the data from channel 
50 onwards. The software creates a trendline that fits the data in a form of layers of 
specific percentages of the elements present.
The untreated sample consists of the two elements shown, carbon and fluorine, 
hydrogen is lighter than helium and therefore it cannot be detected, and the amount of 
hydrogen present is inferred by deducing the percentage missing after accounting for 
all the other elements. The concentration of the carbon and fluorine do not change 
significantly with depth, indicating a uniform structure. The apparent rise in the 
concentration with channel depth, is merely a result of increased energy loss of the 
ions, which occurs with increased depth, as described in Chapter 3. The RBS spectra 
of the sample, treated for 24 hours at 80°C with 0.1M TBAHS, is shown in Figure
5.5.2, this is the same as the untreated sample indicating that no reaction has occurred 
at this analysis depth. After 1 hours treatment with 0.0025 moles of TBAHS and 4M 
NaOH at 80°C the fluorine edge drops slightly showing that the concentration of 
fluorine on the surface has decreased, see Figure 5.5.3.
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Figure 5.5.2. RBS data and fitted trendlines for samples treated with 0.1M TBAHS at 
80° C (no NaOH).
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Figure 5.5.3. RBS data and fitted trendlines for samples treated with 0.0025 moles of 
TBAHS and 4M NaOH at 80° C for 1 hour.
As well as the sample losing fluorine, oxygen and sodium are beginning to penetrate 
into the sample.
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The oxygen edge occurs in the spectrum between channels 150 to 175 and the sodium 
edge is apparent at the channels 220 to 245.
After 4 hours treatment (Figure 5.5.4) with 0.0025 moles of TBAHS and 4M NaOH at 
80°C the fluorine continues to decrease in concentration deeper into the sample.
A greater depth and concentration of oxygen and sodium has penetrated the sample. 
This trend continues with the sample treated for 8 hours and the sample treated for 12 
hours and the sample treated for 24 hours (Figure 5.5.5).
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Figure 5.5.4. RBS data and fitted trendlines for samples treated with 0.0025 moles of 
TBAHS and 4M NaOH at 80° C for 4 hours.
In all these cases, as is expected, the carbon concentration does not change over the 
depth analysed. The fluorine concentration decreases with increasing treatment time. 
The depth of the defluorination increases with increasing treatment time. The oxygen 
concentration increases with treatment time along with the oxygen penetration. The 
sodium penetration and concentration also increases with increasing treatment time.
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The changes with treatment time of elemental concentrations over a range of depths 
are shown in depth profiles. These provide a simple comparison of the changes 
occurring in the samples with treatment time.
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Figure 5.5.5. RBS data and fitted trendlines for samples treated with 0.0025 moles of 
TBAHS and 4M NaOH at 80° C for 24 hours.
The depth profile of fluorine is shown below in Figure 5.5.6. In this case, as with in 
all the depth profiles, the samples are labelled 1 to 7. The sample numbers represent 
the treatments ofPVdF as shown below:
1. Untreated PVdF
2. 0.1M TBAHS only, at 80°C for 24 hours.
3. 0.0025 moles of TBAHS and 4M NaOH at 80°C for Ihour.
4. 0.0025 moles of TBAHS and 4M NaOH at 80°C for 4 hours.
5. 0.0025 moles of TBAHS and 4M NaOH at 80°C for 8 hours.
6. 0.0025 moles of TBAHS and 4M NaOH at 80°C for 12 hours
7. 0.0025 moles of TBAHS and 4M NaOH at 80°C for 24 hours
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It is evident in Figure 5.5.6 that with increasing treatment time the fluorine 
concentration falls from the original concentration of 33% to that of 6.5 % after 24 
hours. The fluorine concentration does not change when treated with 0.0025 moles of 
the catalyst at 80°C for 24 hours.
c
I
8BO
«
•!oJ3
z
40
35
30
25 4m-
20
15
10
5
20000 4000 6000
->-1
▲ 2
-*—3
H—4
-6—5
Depth (1014 at/cm2) 
(1000 x 1014at/cm2 = 0.2 um)
-dr-7
Figure 5.5.6. Fluorine depth profile of samples treated with 0.0025 moles of TBAHS 
and 4M NaOH at 80° C for up to 24 hours.
The defluorination of the samples 3 to 7 approaches depths from 0.3pm to 1.36 pm. 
However 1.4 pm is the limitation of the technique for this polymer and at this point 
the fluorine has not returned to 33% therefore this indicates that defluorination depth 
is greater then this. To achieve an understanding of the kinetics of the process a graph 
of depth of treatment against square root time has been plotted, as shown in Figure 
5.5.7. Data which produces a straight line when plotted in such a manner is 
representative of treatments which are controlled by diffusion. Figure 5.5.7 produces 
straight line plots for both depth of treatment, and depth of defluorination at 21% 
fluorine remaining, indicating that the process follows the Case 1 Fickian diffusion86.
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The depth limitation of the technique for this structure has been reached within 12 
hours of treatment, this depth of approximately 1.4 pm, cannot be exceeded, by the 
RBS analysis technique, under the necessary conditions.
The oxygen depth profile is shown in Figure 5.5.8. There is no appreciable amounts 
of oxygen present in samples 1 and 2, as expected, as no reaction has occurred. The 
concentration of the oxygen increases in samples 3 to 7 over depth with increasing 
treatment time much in the same way that the fluorine decreases. This indicates that 
the oxygen is replacing the fluorine, the loss of fluorine however is greater then the 
gain in oxygen, therefore there are processes occurring other then substitution 
reactions.
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Figure 5.5.7. Depth of treatment ofPVdF against square root time, to show Case 1 
Fickian diffusion.
The oxygen penetrates to the depth of 1.1pm, therefore the oxygen does not penetrate 
as deeply into the surface as defluorination occurs. Because of this other reactions, 
such as elimination reactions must be occurring.
The other depth profile of interest is that of the sodium, Figure 5.5.9. The sodium 
enters the polymer much in the same way as the oxygen however at lower 
concentrations. The depth, which the sodium penetrates, after 24 hours treatment, is 
up to 0.8 pm in to the polymer. This is less than is expected as the sodium hydroxide 
is the component reacting with the polymer to produce defluorination.
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Figure 5.5.8. Oxygen depth profile of samples treated with 0.0025 moles of TBAHS 
and 4M NaOH at 80° C for up to 24 hours.
The fact that the oxygen concentration is in most cases double that of the sodium 
concentration indicates that the oxygen present is not just a result of sodium hydroxide 
and that the oxygen must be reacting with the polymer. The ultrasonic cleaning does 
not remove this sodium from the sample.
The depth profiles of carbon and hydrogen (deduced) do not change significantly from 
the initial 33 % that is present in the untreated PVdF. This is as expected, as the 
elimination and substitution reactions discussed in Chapter 2 do not bring about a 
significant change in the overall concentration of the carbon and hydrogen present.
The RBS results, as a whole, suggest that defluorination is occurring to a depth of at 
least 1.2 pm. The oxygen and sodium penetrate the sample to depths of 1.1 and 
0.8 pm respectively, this is less than expected for sodium hydroxide as it is the 
reactant causing the defluorination. The lack of penetration of the sodium hydroxide 
may be a result of the use of the phase transfer catalyst. The phase transfer catalyst 
reaction is discussed in Chapter 2, the PTC reacts with the sodium hydroxide and then
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‘transfers’ the hydroxide ion into the organic medium through the quaternary ion 
combining with the hydroxide ion to form an ion pair.
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Figure 5.5.9. Sodium depth profile of samples treated with 0.0025 moles of TBAHS 
and 4M NaOH at 80° C for up to 24 hours.
In this manner the sodium hydroxide ion does not need to be present in the sample at 
the depth of defluorination. The ultrasonic cleaning of the sample could also remove 
the sodium hydroxide to an extent that it is not seen deeper into the sample. It is 
possible that the PTC is also washed out in the cleaning stages, the quantities of the 
catalyst, however, are too small to be detected by this technique, as the quantities are 
outside the detection limit of the technique. The depth of oxygen penetration is less 
than the depth of defluorination, therefore the initial reactions that occur are likely to 
be elimination reactions. The defluorination and sodium and oxygen penetration 
increases with increasing reaction time. More oxygen is present then that accounted 
for by sodium hydroxide, indicating that the reaction substitutes oxygen atoms for the 
fluorine atoms on the polymer. Less oxygen is present then the amount of 
defluorination, indicating that elimination reactions are occurring as well as the 
substitution reaction. The defluorination reaction follows Case 1 Fickian diffusion, 
this is expected, as the limitation, as highlighted in Chapter 2 is the penetration of the 
sample, this is enabled through the PTCs.
159
- Chapter 5 Surface Modification ofPVdF by NaOH with PTCs -
5.6. Discussion.
PVdF was treated with four different catalysts, TBAH, TBAB, TBPB and TBAHS. 
The treatment gave a change in colour in all cases, TBAH was the lightest in colour. 
The darker the colour of the film, the less fluorine was found to be present by XPS 
and ToF-SIMS analysis. In this way the colour change is shown to be related to the 
extent of the reaction, therefore TBAH, is not as effective as the other catalysts.
The catalysts investigated further are TBPB and TBAHS, these both produced very 
similar results and therefore the discussion will relate to both catalyst treatments 
unless indicated otherwise.
5.6.1. Surface Chemistry of the Defluorination Process.
ToF-SIMS and XPS indicate that the reduction in fluorine concentration through 
catalyst treatment is up to 90%, and the oxygen increases to a maximum of 21 
atomic %. The reaction proceeding with the catalyst treated samples appears at 
completion within 1 hour, changes after this are small and do not appear to follow a 
well developed pattern. Initially when treating the samples with a higher 
concentration of catalyst (0.125 moles) there was a large difference in the 
concentration of oxygen incorporated on reaction with the different catalysts, at the 
lower concentration of catalyst (0.0025 moles), however, this is not the case. In fact 
the two catalysts produce remarkably similar results, as shown in Table 5.6.1, the only 
differences are due to traces of the catalysts, identified by low concentration of 
phosphorus and bromine.
Treatment Concentration/ Atomic Percent 
C O F  Na P N Br
No Catalyst (12MNaOH)* 69.1 15.4 13.7 0.5 0 1.3 0
TBPB (4 M NaOH)* 72.6 18.6 3.4 3.5 1.2 0.3 0.5
TBAHS (4MNaOH)* 73.1 18.6 3.3 4.0 0.0 0.7 0.0
* Average concentration for samples treated for between 1 to 24 hours.
* Actual concentration for 48 hours treatment
Table 5.6.1. Surface composition ofPVdF after the different treatments.
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As is shown by XPS in Figure 5.2.1, (b), and Table 5.2.4, oxygen can be present in 
the form of ester, hydroxyl and carbonyl groups. In the XPS Cls spectra the fourth 
peak, see Table 5.2.1, at 4 eV higher than the unfunctionalised carbon could be 
representative of O-C-F. The overall concentration of fluorine is consistent with the 
concentration of O-C-F groups. The fifth carbon peak is a shake-up satellite 
representative of the tc ^  tt* transition as a result of the presence of a conjugated 
structure. This peak is very small in comparison to shake-up satellites representative 
of aromatics. The presence of this peak is also an indication of conjugation at the 
sample surface.
The absence of CF2 groups is shown by the fluorine chemical shift that occurs the 
treated samples have a fluorine group present at 687 eV, representative of O-C-F 
whereas the untreated samples have a peak representative of the CF2 group present at 
688 eV. The CF2 peaks in the Cls spectrum should be present at 5.5 eV from the 
unfunctionalised carbon. There is a peak present here, which is a small component 
with a broad FWHM consistent with that of a tt ^  tt* shake-up satellite. In addition 
the concentration of fluorine does not indicate the presence of CF2 groups. Dewez et 
a l87 also report the presence of a O-C-F group at 3.9 eV from the main 
unfunctionalised carbon group within the Cls spectrum. Dewez et al do not discuss 
the affect this peak could have on the fluorine and oxygen Is spectra. However 
Dewez et al suggest the presence of a =CF group with a shift in the Cls binding 
energy of 3.9 eV, i.e. coincident with that of the O-C-F group. Again they do not 
discuss the complementary chemical shifts that would be observed in the oxygen or 
fluorine Is spectra. The shift that occurs in the Cls XPS spectrum as a result of a 
=CF group cannot be accurately determined in these spectra. The presence of such a 
peak cannot be confirmed in the spectra obtained.
There is a possibility that the change in environment of the surrounding polymer from
CF2-CH2, to a conjugated polymer containing oxygen species, could affect the
position of the FIs spectrum in XPS. This could enable the fluorine peak to lie 0.5eV
lower on the binding energy scale and therefore represent a =CF, in which the carbon
forms part of a conjugated structure. Therefore it is not clear, from the XPS results,
whether =CF groups or O-C-F groups or both of these groups are present as a result of
the alkaline and PTC treatment. The ToF-SIMS results indicates the formation of
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O-C-F groups, through the presence of CHFOH groups, as shown in the negative 
spectra of Figure 5.3.5, (a), and Table 5.3.1. Therefore through the use of both the 
techniques, XPS and ToF-SIMS, the fluorine can be shown to be present in the form 
of O-C-F groups. Whether or not fluorine is present as =CF groups is unclear, as this 
would lie in a similar position in the fluorine Is XPS spectrum as O-C-F groups. It is 
clear that there is no fluorine remaining as CF, that is not part of a conjugated 
structure, as this would lead to an extra peak in the fluorine Is XPS spectrum. ToF- 
SIMS does have evidence of the =CF groups, in the negative spectra of Figure 5.3.5, 
where there are ions that represent CF and CFH. These groups could result from the 
fragmentation of O-C-F containing groups, the intensity of the O-C-F group is similar 
to the intensity of the CFH group. What is clear is that no CF2 groups are present after 
treatment.
The XPS results of the catalyst treated samples, indicate the removal of one fluorine 
atom at a time. Considering that the majority of fluorine groups are all present as 
O-C-F groups, this accounts for the 4th peak in the XPS C ls  spectrum, as shown in 
Table 5.2.1, the fluorine percentage and size of this peak are comparable. Therefore 
there are no COOH groups present in the XPS Cls spectrum. There are no sizeable 
components relating to COOH in the negative SIMS spectra of the catalyst treated 
samples. Therefore there are no COOH groups present in the final structure. From 
the FIs XPS spectra it is evident that CF groups are not formed unless they form part 
of a conjugated structure. The total fluorine percentage can be accounted for in the 4th 
peak, therefore the 3rd peak in the XPS Cls spectra is representative of carbonyl 
groups. Whether or not ester groups or =CF are actually formed, has not been proven. 
There is no real evidence for the presence of ester groups in the ToF-SIMS or Raman 
spectra. The possibility of these groups in the XPS C ls  spectra is in the same 
position as that of the hydroxyl groups which are shown to be present the ToF-SIMS 
spectra, therefore it is unlikely that ester groups are present. There is evidence for the 
presence of =CF groups in the ToF-SIMS spectra, as well as the possibility in the XPS 
Cls and FIs spectra, therefore it is more likely that these groups are formed, however 
the percentage of these groups will be almost negligable.
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5.6.2. The Formation of Conjugated Structures at the PVdF Surface.
Table 5.3.1, shows the possible structures that refer to the ions formed on treatment of 
PVdF with TBPB. These results show the possible formation of conjugated structures 
as well as the formation of oxygen containing groups. The negative spectrum in 
Figure 5.3.6 also shows the possible formation of oxygen containing groups and 
conjugated structures. XPS and ToF-SIMS both indicate the formation of conjugated 
structures, however they also indicate the formation of oxygen containing structures. 
XPS and ToF-SIMS provide evidence for the inclusion of oxygen into the sample in 
forms that interfere with, and therefore destroy, the conjugated structure, i.e. the 
formation of O-C-F groups. It is possible that chain scission is also occurring under 
the harsh environment of the treatment. Both these processes lead to the break-up of 
the conjugated structure. The Raman results show that a conjugated structure is 
formed, however after 4 hours treatment time, there appears to be a break-up of this 
structure. The Raman analysis depth is considerably deeper then that of XPS and 
ToF-SIMS. The reactions that are occurring on the surface after 1 hour may not occur 
at the Raman analysis depth until 4 hours treatment time, which would explain the 
break up of structure that is observed in the Raman spectra after 4 hours.
The Raman spectra that were obtained resembled spectra observed for trans­
polyacetylene84. The wavenumbers of the peaks for the cis-polyacetylene structure88 
are different to those obtained in this work. The Raman spectra of these polyene 
structures are not unlike those of Owen and Shah27, as discussed in Chapter 4. By use 
of the graph, Figure 4.2.3.4, an estimation of conjugation length from our Raman 
results can be obtained. A separation of 399 cm*1 of the two Raman peaks represents 
a polyene with 8 to 9 C=C bonds present.
5.6.3. The Depth of Defluorination.
The RBS analysis shows that the rate of the defluorination reaction is diffusion 
controlled in a Case 1 Fickian diffusion manner. The depth of defluorination with the 
catalyst treatments is in the realm of 1.4 \im.
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5.6.4. The Length of the Polyene Chain.
RBS indicates that the amount of oxygen incorporated into the sample is 13 atomic 
percent. This is not the same amount as that calculated with XPS, which is about 20 
atomic percent, however the XPS data does not take into account the amount of 
hydrogen present in the sample whereas the amount of hydrogen present has been 
deduced in the RBS spectra. RBS has indicated that there could be equal amounts of 
hydrogen and carbon present. This is in good agreement with the Raman results in 
which the structure of the treated samples is thought to be mainly a conjugated double 
carbon bond system. In such a system one hydrogen atom is present per carbon atom 
as shown below.
-(CH=CH-CH=CH)„-
This type of structure does not take into account the oxygen present in the sample.
If we consider that there are as many hydrogen atoms as there are carbon atoms 
present in a system where the oxygen concentration is thought to be 20 at% and the 
carbon concentration is thought to be 70 at% then there ought to be 70 hydrogen 
atoms in 170. This being the case there will be 70/170 carbon atoms and 20/170 
oxygen atoms. Therefore the carbon will be at a concentration 41 at%, as would be 
that of the hydrogen, and the oxygen concentration would be 11.8 at%. This result is 
very close to that calculated by RBS so the results are consistent with one another.
The inclusion of oxygen into the sample in the form of carbonyl groups and O-C-F 
groups will lead to the interruption of the conjugated structure. The hydroxyl group 
however will not necessarily lead to interruption of the conjugated C=C chain 
structure. The carbon XPS spectra for the catalyst treated samples show there to be 
twice as many hydroxyl groups present than the other oxygen containing groups. The 
C=0 group and the O-C-F groups are in about equal concentrations after 24 hours 
treatment. The oxygen concentration is at 11.8 at% as stated earlier, and that of the 
carbon is 41 at%, thus for every 3.5 carbon atoms an oxygen atom will be present.
For ease of calculation assume there to be 1 oxygen atom present per 4 carbon atoms. 
In a chain of 36 carbon atoms % of the oxygen atoms present will be from hydroxyl
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groups. That is 36x % x % hydroxyl groups will be attached to the chain of 36 
carbon atoms. Therefore six hydroxyl groups will be present for every 36 carbon 
atoms. The remaining third of the oxygen groups present will be in the form of the 
C=0 and O-C-F groups. As there is equal amounts of the two remaining groups, then 
one of each of these groups must be attached to the 36 carbon atom chain. Therefore 
in one chain of length 36 carbon atoms the following oxygen groups will be present;
6 hydroxyl groups (accounting for % oxygen/carbon for 24 carbon atoms).
1 COF group (accounting for the % oxygen/carbon for 4 carbon atoms).
1 C=0 group (accounting for % oxygen/carbon for 4 carbon atoms).
And one of either C=0, or O-C-F.
Each of the C=0 and O-C-F groups interrupt chain conjugation therefore in a chain of 
36 carbon atoms at least two interruptions will occur leading to an overall conjugation 
length of 12 atoms, that is 6 C=C bonds. Raman spectroscopy indicates that there is 
on average 8-9 C=C double bonds. Therefore there are some errors in our model.
The RBS oxygen calculation could vary by ± 5 at% due to the errors discussed in 
Chapter 3, and therefore the amount of oxygen present may be somewhat less than the 
calculated value. However the model fitted above assumed that 1 oxygen is present 
for every 4 carbon atoms, the calculations suggested that there is 1 oxygen atom for 
every 3.5 carbon atoms, therefore the oxygen concentration was assumed to be less in 
the model then calculated. The depth of the analysis techniques are different, the RBS 
depth profiles, show that there is a much greater percentage of oxygen on the surface, 
nearer the analysis depth of XPS than deeper, up to 1pm, the analysis depth of Raman 
spectroscopy.
5.6.5. Discussion Summary.
The fact that, as envisaged in the above model, the catalyst treated samples only have 
fluorine in the O-C-F environment is a significant advance on the previous 
models41'45. The catalyst themselves appear in the XPS spectrum, but are not present 
at a sufficient concentration to be detected by RBS.
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From the XPS, Raman spectroscopy and ToF-SIMS results it is evident that O-C-F 
groups and conjugated structures are formed. XPS and ToF-SIMS also indicate the 
formation of COH groups and =CF groups. Carbonyl groups are present as shown by 
XPS Cls spectra, however ester groups are thought not to form. The interpretation of 
the Raman spectroscopy proves the formation of conjugated chains of length 8 to 9 
double bonds. The RBS analysis shows that the kinetics is dominated by Case 1 
Fickian diffusion, and the depth of treatment to be in the realm of 1.4 pm.
5.7. The Degradation Mechanism.
A possible mechanism of defluorination in aqueous solution, when considering the 
catalyst TBPB, is shown below:
1) NaOH + (C4H9)4P+ B f ^  NaBr + ( C ^ ^  OH"
The PTC, in this case TBPB reacts with the sodium hydroxide to produce sodium 
bromide and an ion pair, the positive quaternary phosphonium ion and the negative 
hydroxide ion. Sodium salts do not dissolve in organic medium such as PVdF, neither 
do inorganic anions with small cations. However large onium cations are known to 
solubilize in organic salts, even when associated with hydroxide ions, which are 
organophobic by nature. Therefore the newly formed onium/hydroxide ion pair enter 
the PVdF matrix with much greater ease than NaOH itself.
2)
 [CF9-CH-CF2-CH2]vvvv^4l^ k E ^ H^vvvv[CF2-CH-CF2-CH2]çç—  + H20
h
OH
As a result of the high alkalinity of the aqueous solution and high temperature, 
deprotonisation of an in chain Œfe group will occur quite readily to achieve the above 
equilibrium. The resulting anion is stabilised by the presence of four electron 
withdrawing atoms i.e. fluorine.
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3)
[CF2-CH^-CF-CH2]fj"""" — »  "ivw[CF2-CH==CF-CH2l'nw"  + F®
1^
F
The above chain fragment can rearrange as shown to yield the in chain C=C double 
bond, this is known as an elimination reaction. The F" ion is stable as the reaction 
occurs in aqueous solution and the driving force is the formation of a carbon to carbon 
double bond. Steps 2 and 3 may occur simultaneously via an E2 (elimination, 
bimolecular) in chain reaction.
H ^ F
Hydroxylation could occur prior to the elimination reaction, however this is unlikely 
as it is part of a long polymer chain and will thus experience high steric hindrance.
H
— c f 2— c = c — c h 2
OH
4)
H F
-CF;
— W -CHr
H
C
-CF2 — - c ^ - c — c h 2-I
OH
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The C=C double bond formation involves the creation of a C-F bond. All analytical 
data presented in this work indicates that there is CFOH in the treated PVdF surface, 
however there is no CF2 remaining. It is concluded therefore that step 4) occurs 
slower than steps (1) to (3) so that all the CF2 is removed but COHF remains. This is 
a result of the steric hindrance observed, the attacking hydroxide is associated with a 
quaternary onium cation.
5)
H
-CF2
Step 4
■C CHf
O——H 
©OH
H
A   C =
o
-ch2
H
-CF2  Q C CH2  + H20
6 
F H
c —«—c — c — c h 2
o
In the presence of an alkaline environment deprotonisation of the unincorporated 
hydroxide will occur. The resultant structure is resonance stabilised, as shown, and 
will lose fluoride which is stable in aqueous solutions. Again the driving force is the 
formation of a carbon, carbon double bond.
6) (org) (aq)
(C4H9)4P® +F e -------- ► (0 4 1 9 )4?® F® + NaBr ^  (0 4 ^ ) 4 *® Br® +
NaF I
step 1
The free ions, quaternary onium cation and fluoride ion produced from defluorination, 
form an ion pair and are then transferred out of the organic medium to the aqueous
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phase. The sodium bromide in the aqueous phase reacts with the ion pair to form 
sodium fluoride and the initial catalyst TBPB is reformed, ready to react with sodium 
hydroxide as in step 1). It is equally possible that (0 4 1 1 9 )4?® Fe reacts with the 
sodium hydroxide to produce the quaternary onium ion associated with the hydroxide 
ion that then proceeds to step 2).
Deeper into the surface, the polyene structures of 8 to 9 double bonds are formed by 
the continuation of step 3. The double bond formed encourages the hydrogen on the 
neighbouring carbon atom to leave, forming another double bond and therefore 
removing the next fluorine atom in the path, this procedure leads to the formation of 
the polyene chain. The propagation terminates at 8 to 9 double bonds in length, 
possibly as a result of the optimum energy of the fermi level, as discussed in 
Chapter 2.
5.8. Conclusions
Defluorination, oxygenation and discoloration ofPVdF occurs on treatment with 
NaOH and PTC. The presence of PTCs greatly increases the rate of the defluorination 
reaction, in an alkaline environment. The surface reaction, (detected by XPS and 
ToF-SIMS), is complete within an hour, and does not proceed further within the time 
scale investigated (1 to 24 hours). The formation of conjugated double bond 
structures on treatment are indicated by ToF-SIMS, and Raman spectroscopy, whilst 
the chemical changes of the process can be followed by XPS. Raman, XPS and ToF- 
SIMS all indicate that the removal of fluorine occurs in such a manner that no CF2 
groups remain within 1 hour of treatment. ToF-SIMS and XPS show that fluorine 
does remain in the form of O-C-F and =CF groups, although fluorine is always less 
than 4 % of the overall product, within the time scale of 1 to 24 hours of treatment.
At the Raman analysis depth the maximum number of conjugated chains is reached 
after 4 hours treatment, all the polyene chains formed are between 8 to 9 double bonds 
long. There is no evidence of oxygen inclusion at the Raman analysis depth. The 
RBS analysis indicates that the kinetics of the defluorination reaction obeys the Case 
1 Fickian diffusion law, and that the depth of treatment is in the realm of 1.4 pm.
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6. Surface Modification of Poly(vinylidene fluoride) with Sodium 
Hydroxide and Dimethyl Sulphoxide.
In this chapter the treatment ofPVdF with sodium hydroxide and dimethyl sulphoxide, 
DMSO, is reported. The samples are prepared and cleaned as described in Chapter 4, as are 
the experimental conditions employed for the various analysis techniques. The results will 
be discussed and a mechanism of degradation suggested.
6.1. Sample Treatment.
The 100pm PVdF film, ^-crystal form, is treated with various amounts of sodium hydroxide 
and DMSO and also with the PTCs as shown in Table 6.1.1, below. For ease of discussion, 
the solution letters that have been assigned in this table will be used throughout the chapter 
to describe the treatment they relate to. All the experiments were carried out in 200 cm3 of 
the solution described in Table 6.1.1, for between 1 to 48 hours at 80°C in a shaking 
waterbath (110 rpm). This time scale was chosen to compare with the results from Chapter 
4 and Chapter 5, and is specifically relevant for the RBS and Raman analysis.
Solution DMSO 
(volume %)
NaOH 
(volume %)
Concentration
ofNaOH
Catalyst added 
0.0025 Moles
A 50% 50% 4M None
B 50% 50% 4M TBPB
C 50% 50% 4M TBAHS
D 25% 75% 4M None
E 50% 50% 8M None
F 100% None None None
Table 6.1.1. Experiments in 200 cm3 solution at 80°C in a shaking waterbath (110 rpm).
The reasoning behind the number of moles of catalyst chosen and the structure of the PTCs 
are discussed in Chapter 5. The sample treated with Solution F dissolves within an hour of 
treatment, indicating that DMSO is a solvent for PVdF. This is not so for the reaction 
product, when PVdF is treated with NaOH, as is shown by the presence of the other samples 
after 1 to 48 hours treatment.
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6.2. X-ray Photoelectron Spectroscopy.
The samples were treated as above and analysed using the ESCALAB MK11 spectrometer, 
as described in Chapter 4. Figure 6.2.1 shows the survey spectra of untreated PVdF and 
PVdF treated for 8 hours with Solution A.
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Figure 6.2.1. XPS survey spectra ofPVdF (a) untreated, (b) treated with Solution A for 8 
hours.
After 1 hour treatment in Solutions A, B, C and E, within the analysis depth of XPS, the 
elemental concentrations of the samples do not change significantly indicating that the
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surface reaction is complete within this time. Table 6.2.1 shows the elemental 
concentrations of the samples treated in Solution A.
Time (hours) C% 0 % F % Na %
0 49.5 1.3 49.2 0.0
1 73.7 20.1 5.1 1.0
2 67.9 24.3 5.2 2.6
4 70.1 19.7 8.2 2.0
8 63.7 26.6 5.4 4.3
12 66.7 24.1 5.5 3.7
24 65.1 24.8 5.8 4.2
48 65.3 25.4 4.2 5.1
Table 6.2.1. Elemental concentrations ofPVdF after treatment in Solution A.
Following treatment for 1 hour, only 10 % of the original fluorine concentration remains, 
this value does not change significantly with longer treatment times, therefore the 
defluorination reaction can be described as complete within an hours treatment at this 
analysis depth. The PVdF samples initially have a negligible amount of oxygen 
incorporated into the surface through processing, but after one hour of treatment in Solution 
A, the oxygen concentration is 20%. Between 1 and 2 hours an extra 5% of oxygen is 
incorporated into the surface, indicating that defluorination precedes oxygenation. Between 
2 to 48 hours, however, the oxygen concentration does not change significantly, indicating 
that the oxygenation reaction is completed after 2 hours at the XPS analysis depth. After 4 
hours treatment time the sample shows a slight increase in the fluorine concentration and 
decrease in oxygen concentration, which does not follow the trend of the other samples.
This sample could be highly crystalline resulting in a surface more difficult to penetrate than 
the less crystalline samples therefore defluorination and consequently oxygenation would 
occur over a longer period of time and interrupt the pattern of results. The sodium 
concentration increases with treatment time as expected, but does not exceed 5% after 48 
hours of treatment. The carbon concentration increases from 50% to 74% in the first hour 
as a result of defluorination, and drops slightly after this as a result of oxygenation of the 
sample and incorporation of sodium. Similar trends can be observed with the samples
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treated in Solution B as in Solution A, Table 6.2.2, shows the elemental concentration of 
samples treated with Solution B.
Time (hours) C% 0 % F % Na% P% Br %
0 49.5 1.3 49.2 0.0 0.0 0.0
1 69.1 21.0 4.8 2.0 1.0 2.2
2 70.2 21.7 4.8 3.0 0.3 0.0
4 67.3 22.9 5.5 3.6 0.2 0.5
8 66.4 23.0 6.5 2.9 0.5 0.6
12 67.7 24.3 3.8 3.6 0.0 0.5
24 65.5 22.9 7.9 3.3 0.4 0.0
Table 6.2.2. Elemental concentrations ofPVdF after treatment in Solution B.
The carbon concentration rises from 50% to 70 % within an hour, and the fluorine 
concentration drops from 50% to 5%. After 1 hour of treatment, the fluorine concentration 
does not change significantly, and the drop in the carbon concentration, merely reflects the 
slight increase in oxygen and sodium concentration. Again the sodium increases with 
treatment time, but does not exceed 4%, and the oxygen incorporation does not increase 
significantly after 1 hour of treatment. The trace amount of bromine and phosphorus 
detected indicate that both parts of the ion pair are interacting with the surface.
Exactly the same pattern of events can be observed by treatment of the PVdF with Solution 
C, therefore the two catalysts produce similar results. Again the trace elements that 
represent the catalyst are detected, however the sulphur has only been detected in one 
sample, indicating that the role of this part of the catalyst is minimal. Table 6.2.3 shows the 
elemental concentrations ofPVdF after treatment with Solution C.
All the samples discussed so far have been treated with 50% 4M NaOH, and 50% DMSO, 
the Solutions B and C also had 0.0025 moles of catalyst added. The addition of the catalyst 
does not appear to affect the elemental concentrations at this depth, within the times 
investigated. Solution D contains 25% DMSO and 75% 4M NaOH, with no catalyst.
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Time (hours) C% 0 % F % Na % N% S%
0 49.5 1.3 49.2 0.0 0.0 0.0
1 69.1 21.0 6.9 0.0 2.5 0.5
2 69.4 24.3 3.6 2.8 0.0 0.0
4 67.6 24.5 3.7 2.9 1.3 0.0
8 65.6 22.0 5.2 4.0 3.2 0.0
12 68.5 215 3.8 3.6 0.5 0.0
24 65.0 24.5 5.1 4.2 1.1 0.0
Table 6.2.3. Elemental concentrations ofPVdF after treatment with Solution C.
The comparison of this solution with Solution A should indicate the effect of the 
concentration of DMSO in relation to the concentration of sodium hydroxide. The survey 
spectrum ofPVdF treated with Solution D for 1 hour is shown in Figure 6.2.2.
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Figure 6.2.2. XPS survey spectrum ofPVdF treated with Solution D for 1 hour.
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Table 6.2.4, shows the elemental concentrations ofPVdF after treatment in Solution D.
Time (hours) C% 0 % F % Na %
0 45.5 1.3 49.2 0.0
1 67.0 13.5 19.6 0.0
2 69.7 20.0 9.9 0.4
4 70.5 24.2 3.2 2.1
8 73.7 20.5 5.7 0.2
12 70.4 23.7 4.4 1.5
24 68 9 22.4 6.1 2.7
Table 6.2.4. Elemental concentrations ofPVdF after treatment with Solution D.
The samples treated in Solution D show a different trend to those treated in Solutions A to 
C. After 1 hour of treatment, although the fluorine concentration has reduced significantly, 
the concentration still remains at 20 atomic percent. This reduces to 10 % after 2 hours, and 
after 4 hours 3% remains and does not change significantly after this length of treatment. 
The oxygen reaches 20% after 2 hours and does not change significantly after this. Sodium 
incorporation is not evident until 2 hours treatment, for Solutions A to C a sodium peak 
appears within 1 hour of treatment, and reaches approximately 5% concentration. The 
treatment with the more sodium-rich Solution D, only reaches a concentration of 3%, 
indicating that the DMSO aids the interaction between the sample and the sodium 
hydroxide. The carbon concentration rises from 50% to approximately 70% in the first 
hour, and does not change significantly after this, which is the same trend observed in the 
first three sets of samples treated with Solutions A to C.
Solution E contains 50% DMSO and 50% 8M NaOH, thereby doubling the concentration of 
sodium hydroxide of Solution A. To observe the effects of the concentration of sodium 
hydroxide on the sample treatment when in a solution of DMSO the samples treated with 
Solution A and E must be compared. The elemental concentrations of the PVdF samples 
after treatment with Solution E is shown in Table 6.2.5.
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Time (hours) Carbon % Oxygen % Fluorine % Sodium %
0 49.5 1.3 49.2 0.0
1 68.9 25.0 4.7 1.4
2 67.6 25.3 4.0 3.0
4 66.7 26.2 3.4 3.7
8 63.4 25.3 6.9 4.4
12 66.5 26.2 3.7 3.6
24 66.0 25.5 3.7 4.8
Table 6.2.5. Elemental concentrations ofPVdF after treatment with Solution E.
Within an hour the defluorination and oxygenation reactions have both reached a level 
which does not significantly change thereafter. The fact that oxygenation is complete 
within the first hour indicates that the increase in the sodium hydroxide concentration has 
increased the kinetics of the reaction compared with that of Solution A. The carbon 
concentration again rises dramatically in the first hour and only fluctuates thereon with 
respect to the sodium incorporation over the treatment time.
The carbon Is XPS spectra were peak fitted to establish the chemical nature of the elements 
present. Table 6.2.6, shows the fitted peak assignments ofPVdF wiped with isopropanol 
and DMSO, the elemental composition of which is shown as treatment time 0 hours in 
Table 6.2.2.
Peak Binding Energy FWHM Assignment Peak Concentration
1 285.0 1.75 ÇH2-CH2 4%
2 286.6 1.80 ÇH2-CF2 47%
3 287.9 1.75 HOÇ-CF2 5%
4 288.9 1.85 o =c -cf2 3%
5 291.1 1.75 ÇF2-CH2 41%
Table 6.2.6. C Is peak assignments ofPVdF wiped with isopropanol and DMSO.
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The carbon Is spectrum ofPVdF wiped with isopropanol and DMSO is shown in Figure
6.2.3.
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Figure 6.2.3. The C ls  XPS spectrum ofPVdF wiped with isopropanol and DMSO.
The table and spectrum indicates that a very small amount of oxygenation has occurred, this 
occurs in the processing of the film as is seen in the untreated sample and therefore the 
DMSO wipe does not change the surface composition of the PVdF film significantly.
The C ls  XPS spectrum ofPVdF treated with Solution A for 8 hours is shown in Figure
6.2.4.
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Figure 6.2.4. The XPS C ls  spectrum ofPVdF treated with Solution A for 8 hours. 
Table 6.2.7 shows the carbon Is peak assignments ofPVdF film treated with Solution A.
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Peak Binding Energy FWHM Assignment Peak Concentration 
1 hrs Average*
1 285.0 1.80 ÇH2-CH2 65% 60%
2 286.6 1.75 ÇOH/ÇH2-CF2 26% 22%
3 287.9 1.75 Ç=0/=ÇF 0% 10%
4 288.9 1.75 O-C-F 7% 6%
5 291.2 2.30 %-»%*/CF2-CH2 2% 2.5%
* The average concentration between 2 to 48 hours.
Table 6.2.7. C ls  peak assignments ofPVdF treated with Solution A.
As can be seen from Table 6.2.7 after one hour of treatment most of the reaction has 
occurred, but as was observed previously the oxygen concentration changes slightly 
between 1 to 2 hours. This change signifies a slight drop in the hydroxyl group 
concentration, and the creation of carbonyl groups. The change in these peaks could also 
signify the defluorination reaction removing CF2 groups and creating =CF groups, however, 
the greater change in the oxygen concentration signifies that the change in the fluorine 
groups is small in comparison to the change in the oxygen groups. Note that the =CF is 
thought to be in a similar position to that of the carbonyl group in the Cls XPS spectrum. In 
Chapter 5 the =CF group was less prominent, and therefore difficult to assign, whereas in 
this case the change of peak 3 and the fluorine and oxygen concentrations can be directly 
correlated. The samples do not change significantly between 2 to 48 hours treatment with 
Solution A, therefore the reaction can be considered complete within 2 hours, hence the 
average concentrations for this time period are shown in Table 6.2.7. Table 6.2.8, shows 
the carbon Is peak assignments ofPVdF film treated with Solution B. The peaks present 
and their concentration do not change significantly over time. The peaks present after 1 hour 
treatment with Solution B, are the same as those present after 2 hours of treatment with 
Solution A, and the concentration of the peaks in both cases are remarkably similar. The 
main difference between the two treatments is the time over which the oxygen 
functionalities are formed. When treated with Solution A the sample requires 2 hours for 
the carbonyl and hydroxyl groups to reach their equilibrium values, whereas when treated 
with Solution B the oxygen functionalities reach equilibrium within the 1 hour of treatment.
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Peak Binding Enerev FWHM Assignment Average Peak Concentration
1 285.0 1.80 ÇH2-CH2 62%
2 286.5 1.75 ÇOH-CH2 22%
3 287.9 1.80 Ç=0/=ÇF 9%
4 289.0 1.80 O-C-F 5%
5 291.0 2.30 7T—>7T* 2%
Table 6.2.8. C Is peak assignments ofPVdF treated with Solution B.
This indicates that the addition of the catalyst increases the kinetics of the formation of the 
oxygen functionalities, but does not change the product of the reaction. Table 6.2.9 shows 
the carbon Is peak assignments ofPVdF film treated with Solution C. The peak 
assignments for the samples treated with Solution C are the same as those for the samples 
treated with Solution B. Again the average peak concentrations are remarkably similar for 
the two different treatments and the reaction in this case also appears to be complete within 
an hour. Therefore the two catalyst treatments lead to the same products being formed 
within one hour of treatment.
Peak Binding Energy FWHM Assignment Average Peak Concentration
1 285.0 1.80 ÇH2-CH2 61%
2 286 6 1.75 ÇOH-CH2 23%
3 287.9 1.75 =ÇF/Ç=0 9.0%
4 289.0 1.75 O-Ç-F 5.0%
5 291.0 2.30 7C—»7C* 2.0%
Table 6.2.9. C Is peak assignments ofPVdF treated with Solution C.
The peak assignments for the samples treated with Solution E are shown in Table 6.2.10. 
The samples treated in Solution E have been exposed to double the concentration of sodium 
hydroxide compared with those treated in Solution A. The time for the reaction to reach 
completion at the XPS analysis depth remains on the same scale as in the case of the 
samples treated with Solution A, as the reaction also appears complete within two hours. 
However after 1 hour of treatment there is still 5% of CF2 groups present, which is at least 
double that left after one hour of treatment in Solution A.
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Peak Binding Energy FWHM Assignment Peak Assignments 
1 hour Average*
1 285.0 1.80 ÇH2-CH2 59% 61%
2 286.5 1.75 ÇOH/ÇH2-CF2 23% 19%
3 288.0 1.75 =CF/C=0 13% 9%
4 289.0 1.75 O-Ç-F 0% 7%
5 289.7 1.75 ÇF2 5% 0%
6 291.0 2.30 7r->7T* 0% 3%
*The average peak concentration for between 2 to 24 hours treatment. 
Table 6.2.10. C ls  peak assignments ofPVdF treated with Solution E.
Therefore defluorination occurs at a marginally slower rate in Solution E. Also the 
concentration of peaks 2 and 3 are marginally lower than those observed after treatment 
with Solution A. Because of the consistency in the concentration of these groups between 
samples treated with Solutions A, B and C (all within 1% of each other) this small 
difference for samples treated with Solution E can be considered a significant effect. 
Components 2 and 3 represent oxygen and fluorine functionalities, as shown in Table 
6.2.10. To deduce which groups are present in the lower concentration, the concentration of 
the elements concerned are compared for samples treated in Solution A and Solution E, 
through the use of the Tables 6.2.1 and 6.2.5. The oxygen concentration is greater in 
samples treated with Solution E and the fluorine concentration is less than the samples 
treated in Solution A. Therefore the fluorine groups that are present in the samples treated 
with Solution E are the groups that are present to a lesser extent in this treatment. In fact all 
the fluorine present in the samples can be accounted for in component 4 (O-C-F group, 7% 
x 61% = 4% of total sample) which represents 4 % of the sample, which is exactly the same 
as the average percentage of fluorine between 2 to 24 hours. This indicates that all the CF2 
groups are converted to O-C-F groups on treatment with Solution E.
The carbon Is XPS spectra ofPVdF treated with solution D for 1 hour and 24 hours is 
shown in Figure 6.2.5. There are still CF2 groups present in the sample treated for 1 hour, 
however after 24 hours treatment this functionality has been completely removed. Table 
6.2.11 shows the XPS carbon Is peak assignments for samples treated with Solution D.
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The peak concentration changes between 1 to 8 hours and then does not change significantly 
between 8 and 24 hours, as shown in Table 6.2.12.
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Figure 6.2.5. The Cls XPS spectra ofPVdF treated with Solution D for (a) 1 hour and (b) 
24 hours.
Peak Binding Energy FWHM Assignment
1 285.0 180 ÇH2-CH2
2 286 5 1.75 COH/ CH2-CF
3 287.9 1.75 =ÇF/Ç=0
4 289 0 1.75 O-Ç-F
5 290 7 1.75 ÇF2-CH2
6 290 7 2.30 71->7T*
Table 6.2.11. C Is peak assignments ofPVdF treated with Solution D
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Solution D has a lower concentration of DMSO than Solution A, but a higher concentration 
of sodium hydroxide. The reaction takes a longer time to reach equilibrium than the 
reaction regarding the samples treated with Solution A. Within the first 4 hours the CF2 
groups are removed completely, by 8 hours treatment the peak emerges, after 4 hours 
treatment neither of these peaks are present. The difference between these peaks is shown 
by the difference in the FWHM shown in Table 6.2.11. The fitted carbon Is spectra that 
show this phenomenon are depicted in Figure 6.2.5, where the two extremes, 1 hour of 
treatment and 24 hours treatment are shown.
Time Relative Intensities (%)
(hours) 1 2 3 4 5 6
1 45 30 9 3 13 0
2 56 27 7 4 5 0
4 63 21 10 6 0 0
8 65 22 6 5 0 2
12 63 22 7 6 0 3
24 59 22 11 7 0 2
Table 6.2.12. Change in relative intensities of the Cls components with treatment time in 
Solution D.
The fact that CF2 groups are present in the sample after 2 hours treatment, indicates that the 
lower concentration of DMSO in Solution D reduces the kinetics of defluorination in 
comparison to that of Solution A. Within 4 hours treatment all the other peaks have reached 
equilibrium, again indicating slower kinetics. Peak 3 is the exception which changes over 
the time as defluorination occurs, initially up to 4 hours treatment creating the =CF groups, 
which are then reduced between 4 to 12 hours treatment along with the increasing 
concentration of the carbonyl groups and O-Ç-F groups. This is supported by the change in 
the elemental concentrations shown in Table 6.2.4. Within 8 hours treatment with Solution 
D, the concentration of the groups present is consistent with that of the groups formed after 
treatment with Solution A after 2 hours.
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The XPS data indicates the different chemical species formed on treatment, the difference in 
the concentration of these groups with the different treatment has been indicated and an 
insight to the kinetics of the treatment has been acquired.
6.3. ToF-SIMS Analysis
The samples were treated as described above and then analysed by ToF-SIMS. The change 
in certain peaks with time for samples treated with Solution A is shown in Figure 6.3.1, (a) 
and (d) are from the negative spectra, whereas (b), (c) and (e) are from the positive ToF- 
SIMS spectra.
In Figure 6.3.1 (a) the intensity of the elemental fluorine ion decreases dramatically, as the 
elemental oxygen ion increases in intensity between 0 to 1 hour of treatment time in 
Solution A. After 1 hour of treatment the reaction appears to have reached an equilibrium 
level of oxygen and fluorine. This is confirmed by the large decrease in fluorocarbon 
intensity after 1 hour of treatment as depicted in Figure 6.3.1 (b) and (c). Figure 6.3.1 (d) 
shows the increase in sulphur with time as expected, indicating that the DMSO interacts 
with the surface. This figure also shows an increase in CFOH between 0 to 1 hour, as well 
as an initial decrease in CF groups between 0 to 1 hour. After the first hour these groups do 
change in concentration, however there is no obvious pattern to the changes, except that the 
CF groups are always significantly lower in intensity than without treatment whilst the 
sulphur and CFOH groups are always significantly greater in intensity than without 
treatment. The CF groups are present in the positive and negative spectra, as shown in 
Figure 6.3.1 (b) and (d), however the concentration is much greater in the positive spectra as 
expected. This is because the carbon is the element that determines the charge of the ion, 
the carbon is usually positive in charge, however a small amount of negatively charged 
carbon occurs in the PVdF samples.
Figure 6.3.1 (e) shows the change in small fragments that indicate defluorination and may 
contribute to the formation of conjugated structures. The intensity of these peaks increases 
between 0 to 1 hour of treatment and then decreases again, indicating an initial formation of 
conjugated structures followed by a sudden decrease, which could relate to oxygenation of 
the conjugated structures.
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Figure 6.3.1. Caption overleaf.
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Figure 6.3.1. Change in ToF-SIMS intensity with treatment time with Solution A.
(a) Showing elemental ions 160", 19F‘, in the negative spectrum, (b) Fluorine containing 
structures, 64(CH2-CF2)+, 32CHF+ and 31CF+ in the positive spectra, (c) Fluorocarbons 
95(C3H2F3)+, 113(C3HF4)+, 133(C3H2F5)+in the positive spectra, (d) Catalyst and fluorine 
containing structures, 31CF",32S', 48(CFOH)' in the negative spectra, (e) Conjugated 
structures 27(C2H3)+, 39(C3H3)+, 57(C3H2F)+ in the positive spectra.
All the samples treated with Solutions B to E follow the patterns shown in Figure 6.3.1 for 
samples treated with Solution A. The few exceptions will be discussed below. The change 
in intensity of fluorocarbon groups for samples treated with Solution D is shown in Figure 
6.3.2.
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Figure 6.3.2. Fluorocarbon intensity change with time of treatment in Solution D, from the 
positive spectra, fragments present, 95(C3H2F3)+, 113(C3HF4)+, 133(C3H2F5)+.
The fragment C3H2F3 which represents the initial stage of defluorination, increases between 
0 to 1 hour of treatment and then decreases again with treatment time between 1 to 24 hours. 
The samples treated with Solution A show this fragment decreasing with treatment time, 
between 0 to 24 hours, this indicates that the initial defluorination occurs at a slower rate for 
samples treated with Solution D than those treated with Solution A. The other fragments in 
Figure 6.3.2 are representative ofPVdF fragments, and therefore it is not surprising that 
these fragments decrease with treatment time for both the samples treated with Solutions A 
and D.
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Figure 6.3.3 shows the change in the fragments that could be representative of small 
sections of conjugated chain, for samples treated with Solution D. This sample does not 
show the sudden decrease in these fragments that is apparent in samples after 1 hour of 
treatment with Solution A, but shows a plateau region between 1 to 24 hours treatment.
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Figure 6.3.3. Fragment intensity after treatment with Solution D, from the positive spectra, 
fragments present, 27(C2H3)+, 39(C3H3)+, 57(C3H2F)+.
The change in the intensity of fragments that could represent conjugated structures, over 
time of treatment with Solution E are similar to those treated with Solution A, as shown in 
Figure 6.3.4. In this case the fragments increase in intensity up to 1 hour of treatment and 
the intensity remains constant between 1 and 2 hours treatment and then decrease rapidly 
between 2 and 4 hours. The pattern is similar to that of the samples treated with Solution A, 
however the conjugated fragments appear to last for a longer period of time. The 
conjugated structures discussed in Chapter 5 are also shown to be present with the DMSO 
treatment. Figure 6.3.5 shows the manner in which these fragments increase and decrease 
over treatment time with Solution E. Samples treated with Solutions A and D also follow a 
similar pattern, the intensity rises between 0 to 1 hour, decreases between 1 and 4 hours and 
then does not change significantly with time.
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Figure 6.3.4. Fragment intensity after treatment with Solution E, positive spectra, fragments 
present, 27(C2H3)+, 39(C3H3)+, 57(C3H2F)+.
The samples treated with Solutions B and C show a second rise in intensity for these 
fragments between 12 to 24 hours treatment, as shown in Figure 6.3.6.
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Figure 6.3.5. Change in intensity of fragments that represent conjugated structures with 
treatment in Solution E. Positive spectra, fragments present,53 (CH=CH-CH=CH2)+, 
67(CH2-CH=CH-CH=CH2)+, 81(CH3-CH=CH-CH=CH-CH2)+.
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Figure 6.3.6. Change in intensity of fragments after treatment with Solution B. Positive 
spectra, fragments present,53 (CH=CH-CH=CH2)+, 67(CH2-CH=CH-CH=CH2)+, 
81(CH3-CH=CH-CH=CH-CH2)+.
The negative SIMS spectrum ofPVdF after Ihour of treatment with Solution C is shown in 
Figure 6.3.7.
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Figure 6.3.7. The negative SIMS spectrum of samples treated with Solution C for an 
hour.
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The fragments that could represent oxygen functionalities that were discussed in Chapter 5 
are also present here, therefore the addition of the DMSO does not appear to affect the 
reaction product. The positive SIMS spectra of the samples treated in the solutions 
containing the catalysts are dominated by the catalyst themselves, as was the case in Chapter 
5. This is shown in the positive spectrum of the sample treated in Solution C for 1 hour 
shown in Figure 6.3.8.
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Figure 6.3.8. Positive spectrum ofPVdF sample treated with Solution C for 1 hour.
The sample treated with Solution B also shows a positive spectrum dominated by the 
catalyst and the same oxygen functionalities present in the negative spectrum.
The negative spectrum of a sample treated with Solution A for 1 hour is shown in Figure 
6.3.9. There are oxygen functionalities shown to be present in this spectrum which are 
similar to those treated with Solutions B and C.
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Figure 6.3.9. The negative spectrum ofPVdF treated with Solution A for 1 hour.
The positive SIMS spectrum of the sample treated with Solution A for 1 hour is shown in 
Figure 6.3.10.
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Figure 6.3.10. The positive SIMS spectrum ofPVdF after 1 hour of treatment with Solution 
A.
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The positive SIMS spectra shows defluorinated hydrocarbons and fragments that could be 
representative of conjugated and oxygen containing groups, similar to those of the samples 
treated with sodium hydroxide in Chapter 4. The intensity of groups representing PVdF 
fragments, e.g. m/z =133, CsffeFs*, is much lower in this case than in the treated samples in 
Chapter 4. The sodium peak dominates the positive spectrum. The samples treated with 
Solutions A, D and E produce similar positive and negative spectra.
Conjugated and oxygenated species are shown to form on treatment with the DMSO 
containing solutions, along with defluorination. The concentration of the sodium hydroxide 
and DMSO and the presence of the catalyst all appear to effect the production of conjugated 
structures and oxygenated species. In all cases similar structures appear to be formed, but 
the kinetics of the reaction are affected. The catalysts dominate the positive spectra of 
samples treated with Solutions B and C.
6.4. Rutherford Backscattering Spectrometry.
The samples were treated with Solutions A to E and analysed using RBS as discussed in 
Chapter 4. A fitted spectrum and depth profile of untreated PVdF is shown in Chapter 4. 
The samples treated with Solution A will be discussed in detail, and the samples treated 
with the other solutions will be compared to these results. The RBS spectrum ofPVdF film 
treated with Solution A for 1 hour is shown in Figure 6.4.1, and the layer structure fitted by 
the Datafurnace programme is shown in Figure 6.4.2.
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Figure 6.4.1. The fitted RBS spectrum ofPVdF film treated with Solution A for 1 hour.
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Figure 6.4.2. Datafurnace fitted structure of sample treated in Solution A for 1 hour.
To fit the data of Figure 6.4.1 with the profile of Figure 6.4.2 much assistance was provided 
by the author of the software. Dr Nuno Barradas. As a result of the variety of solutions that 
can be obtained from the software for such a complex spectrum as shown in Figure 6.4.1, 
manipulation of the software to achieve consistent results requires an expert Datafurnace 
user. There is great confidence in the results obtained for the samples treated with Solution 
A, because the spectra were fitted in close consultation with an expert user. The confidence 
level for the samples treated with Solutions B to E is not so high as the data were not fitted 
in such close consultation with an expert. Thus these profiles are not as reliable as those 
from Solution A. The software fits the spectrum by assigning layers to the material, of 
different thickness’ to account for the changes in the samples over the depth of the analysis. 
The layers consist of different concentrations of the elements within the limits specified by 
the user. The concentrations of the elements in each layer are changed, by the programme, 
within the set limits, until a good fit to the spectrum is achieved. At the same time the 
thickness of the layers change along with the number of layers assigned in the sample 
surface. The best layer structure that fits the RBS spectrum is assumed to be the best 
representation of the depth profile, as shown in Figure 6.4.2. Each inflection is 
representative of a layer which consists of the relative concentrations of the elements, as
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indicated by the profile. After just 1 hour of treatment the bulk PYdF has reduced to 50% of 
the sample throughout the analysis depth of the RBS technique (11,000 atoms cm^ = 2.12 
pm), in this case the analysis depth of the RBS reaches 2 pm. Previously the analysis depth 
was restricted to 1.4 pm, for treatment ofPVdF with NaOH and PTC, see Chapter 5. This 
difference in the analysis depths indicates that a structure of lower density is formed with a 
smaller percentage of fluorine atoms, which are heavier than carbon, and have greater 
stopping power. The structure appears open in nature as a result of the large percentage of 
trapped solution, in the form of the solvent DMSO (SiOiCaHs) and sodium hydroxide 
(NaOH) shown in Figure 6.4.2. The Figure shows that the oxygen incorporation is as deep 
as the treatment itself and is higher at the reaction interface than at the surface. However 
the hydrocarbon, CiHj, which is a product of defluorination, is higher at the surface than 
deeper into the sample, indicating that at the surface elimination reactions occur, which 
account for the reduction in PVdF at the surface with the increase in hydrocarbon. Whereas 
substitution occurs in the form of oxygenation, deeper in the sample. As a result of the large 
overlap of all the elements concerned, the accuracy of the interpretation of the results is 
subject to the errors discussed in Chapter 3. The deeper into the sample the greater the 
errors, this must be taken into account when discussing these spectra, for example when 
fitting the data in Figure 6.4.1, the sulphur edge runs into the sodium edge, which overlaps 
with the fluorine edge. The fluorine oxygen and carbon edges also overlap, so that 
distinguishing between one element on the surface and another at depth can be difficult and 
there is no unique solution that can be obtained from the Datafumace that can be considered 
correct. Figure 6.4.3 shows the PVdF percentage change over depth from the individual 
Datafumace profiles with treatment time for Solution A, as obtained from Figure 6.4.2.
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Figure 6.4.3. The change in the PVdF concentration over time of treatment with Solution A.
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Figure 6.4.3 uses data obtained from a solution from the Datafumace, it shows that the 
percentage ofPVdF decreases with time of treatment. Also with treatment time the depth of 
the treatment (i.e. the depth of defluorination) increases to a maximum of 2 pm. The depth 
of the oxygen incorporation into the sample over treatment time with Solution A is shown in 
Figure 6.4.4. The depth of incorporation of oxygen on average reaches 1.8 pm, slightly 
lower in depth than that of defluorination, the maximum percentage of oxygen incorporation 
occurs between 1.2 -1.8 pm. This indicates that a layer is formed at this depth in the 
sample that is rich in oxygen. An important point, is that the maximum oxygen 
incorporation in not at the reaction interface, indicating that the oxygenation reaction occurs 
after the initial reaction, this is consistent with the XPS data.
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Figure 6.4.4. Oxygen incorporation on treatment time with Solution A.
i o acmeve a oener understanding or me Kinetics ot toe process, toe tiepto oi zuvb remaining 
PVdF and 40% remaining PVdF (i.e. 80% and 60% of reaction) has been plotted against 
time of treatment in Solution A, both these plots are shown in Figure 6.4.5.
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Figure 6.4.5. Depth of treatment against square root time of treatment with Solution A.
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As can be seen within 8 hours treatment defluorination appears to be at a maximum depth 
however the reaction is not complete at this point as shown in Figure 6.4.3 the percentage of 
PVdF remaining decreases with increasing treatment time to a level of 9% at 1.71 pm depth. 
The depth profile indicates that the reaction is not a straight forward diffusion controlled 
mechanism, this could result from the fact that the samples are treated in DMSO (which is a 
solvent for PVdF) and therefore the PVdF at the surface will dissolve.
The reaction product does not dissolve in the DMSO and therefore the kinetics of the 
reaction is controlled by dissolution of the reactants and the deposition of the reaction 
products on the surface of the sample. The reaction products must form on the surface of 
the PVdF prior to the PVdF dissolving completely in the DMSO solution.
Therefore the initial rise in the reaction depth is a result of dissolution of the reactant, 
leading to fast production of the defluorinated product.
Once the products have deposited on the sample the DMSO will have difficulty in 
penetrating the sample, as the reaction products are not soluble in the DMSO mixture. This 
leads to the plateau region after the first initial rise in depth of the reaction product.
The subsequent fall in the reaction depth, could result from the DMSO traversing the 
reaction product region. Therefore dissolving more of the PVdF, which will initially diffuse 
into voids in the product region, therefore causing an immediate fall in the depth of reaction 
that has proceeded to the 40% and 20% PVdF remaining (Figure 6.4.5).
The following steep rise in the depth of reaction product is a result of the reaction of the 
dissolved PVdF with the NaOH solution.
Figure 6.4.6 shows the PVdF percentage change over depth with treatment time with 
solution B. The reaction with solution B also shows a general increase in depth of treatment 
and decrease in PVdF concentration over treatment time.
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Figure 6.4.6. The change in PVdF concentration over time of treatment in Solution B.
Figure 6.4.7 shows the PVdF percentage change over depth with treatment time with 
Solution C.
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Figure 6.4.7. The change in PVdF concentration over time of treatment in Solution C.
The reaction with Solution C shows a general increase in depth of treatment and decrease in 
PVdF concentration over treatment time in the same manner as the sample treated with 
Solution B. The reduction in the concentration ofPVdF appears to be greater with the 
catalyst in Solution C than in Solution B. Therefore TBAHS can be considered more 
efficient at encouraging the reaction to proceed. However the depths of the treatments are 
very similar, -1.25 pm for 40% PVdF remaining after 2 hours treatment, therefore the depth 
of the treatment is not affected by the type of catalyst used. Figure 6.4.8 shows the PVdF 
percentage change over depth with treatment time with Solution D.
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Figure 6.4.7. The change in PVdF concentration over time of treatment in Solution D.
The sample treated with Solution D shows a similar pattern of defluorination as that of 
Solution A, however the depth of penetration of the treatment appears to be less. With 
Solution A, the treatment reaches depths of over 1.8 pm, whereas the treatment with 
Solution D reaches depths of about 0.6 pm for a reaction proceeding to 40% remaining 
PVdF. Therefore the depths of the treatment with Solution A is greater than that of Solution 
D although the manner of defluorination is the same. This is as expected as Solution D 
contains less DMSO, therefore the PVdF is dissolved at a slower rate.
Figure 6.4.8 shows the PVdF percentage change over depth with treatment time with 
Solution E. The defluorination of the samples treated with Solution E reaches the same 
depths, for comparable times, as the samples treated with Solution A. However the level of 
defluorination at these depths is slightly greater than the level of defluorination of the 
samples treated with Solution A. This is as expected as the difference between Solution A 
and Solution E is the concentration of sodium hydroxide, Solution E has twice the 
concentration of sodium hydroxide and therefore is expected to cause greater defluorination 
in the sample.
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Figure 6.4.8. The change in PVdF concentration over time of treatment in Solution E.
To try and achieve a greater understanding of the kinetics of the process, the depth at which 
the reaction has reached 40% remaining sodium hydroxide has been plotted against square 
root time, for the samples treated with Solutions B to E, as shown in Figure 6.4.8.
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Figure 6.4.9. Depth of treatment against square root time of treatment with Solutions B to 
E.
When considering treatments in Solutions B, C, and D the depth of treatment increases with 
increasing treatment time, as expected. This does not appear to be the case with samples 
treated in Solution E whether this is a real affect or a fault of the fitting of the spectrum is 
debatable. Because all the other samples follow a similar trend, it is likely that this 
phenomenon is a fault of the fitting of the sample data. In a diffusion controlled process the
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plot of depth against square root time would produce a straight line, as is the case ofPVdF 
treated with NaOH and PTC, in Chapter 5. This is not the case for all the solutions 
investigated in this chapter, therefore the kinetic process is not straight forwardly connected 
to a diffusion mechanism. All the samples in this chapter have been treated with solutions 
that contain DMSO, which is a solvent for the reactants, because of this the effect of 
diffusion will be greatly reduced. As a result of the complexity of the data, as well as the 
problem of accurately assigning the concentration of elements at depth, the kinetics of the 
reaction cannot be interpreted from these results.
6.5. Raman Spectroscopy.
The samples treated with the Solutions A to E for between 1 to 48 hours were analysed by 
Raman spectroscopy. The results of which are discussed in this section. The PVdF film 
samples treated with Solution A are shown in Figure 6.5.1. Figure 6.5.1 shows the samples 
treated for 1, 2 and 24 hours in Solution A, each sample will be discussed in turn. The 
sample treated for 1 hour shows three peaks at 1535 cm'1, 1378 cm'1, and 1133 cm'1. The 
significance of these peaks were discussed in Chapter 4, the peaks are representative of a 
polyene structure the two main peaks 1535 cm'1, 1133 cm'1 the carbon double bond and 
carbon single bond respectively. The separation of these two peaks relates to the length of 
the polyene chain, the separation o f402 cm'Velates to a polyene chain length of 8 to 9 
carbon double bonds. The small peak at 1378 cnrts a result of the interaction between the 
C-C and C=C stretching modes. The different peaks present over the times of treatment 
with Solution A are shown in Table 6.5.1.
Time of Treatment Absorbance Lines Separations Polyene Lengths
(hours) (cm"1) (cm'1) (carbon double bonds)
1 1535, 1133 and 1378. 402. 8 to 9.
2 1592,1535, 1134 and 1378. 458, 401. 4 and 8 to 9.
4 1592, 1535, 1134 and 1413. 458, 401. 4 and 8 to 9.
8 1608, 1544, 1153 and 1382. 455,391. 4 and 9.
12 1601, 1555, 1170 and 1373. 431,385. 5 to 6 and 11.
24 1601, 1552, 1200, 1139 and 1405. 401,413. 7 and 8 to 9
Table 6.2.1. Raman peak separations of samples treated with Solution A for 1 to 24 hours.
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Figure 6.5.1. Raman Spectra (green laser) of samples treated with Solution A for (a) 1 
hour, (b) 2 hours, and (c) 24 hours.
Although the peaks are discussed in a manner to insinuate that only the lengths mentioned 
are present, this is not the case. The peaks are distributed over a broad area, the main 
intensities in this area have been selected and are discussed as the chain lengths present. In 
between the two chain length e.g. 4 and 8 to 9 for samples treated with Solution A for 2
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hours, there are chains of lengths 5, 6 and 7. However the lengths of 4 and 8 to 9 are the 
extremes and the maximum intensities at this time of treatment. Therefore when discussing 
lengths 4 and 8 to 9, a distribution of structures is actually being discussed.
After 2 hours treatment in Solution A, the same peaks remain, and therefore so does the 
polyene structure of 8 to 9 double bonds, however another peak has appeared at 1592 cm"1, 
which, as shown from Table 6.2.1 indicates a polyene length of 4 carbon double bonds. 
Therefore with increasing treatment time the polyene structure is found to start forming in 
shorter chains. The peak which represents the single and double bond interaction, is in the 
same place as for 1 hour of treatment, however is much greater in size, as a result of the 
overall increased Raman intensity. This indicates that more polyene structures are formed 
both of the 4 carbon double bonds long and the 8 to 9 carbon double bonds long. Treatment 
for 4 and 8 hours, give similar results to that of 2 hours as shown in the table, however the 
peak representing the carbon stretching interaction changes indicating that a change in the 
structure is occurring. With twelve hours treatment the shorter polyene lengths have 
increased in size to 5 to 6 carbon double bonds in the polyene structure, and the longer 
lengths t o l l  carbon double bonds. After 24 hours treatment the smaller polyene chains 
have reached 7 double bonds in length. The main peaks present however represent a double 
bond structure of 8 to 9 double bonds long. The peak representing the single and double 
bond interaction is now greater in size and shifted up to a wavenumber of 1405 cm'1. This 
peak is a result of the combination of the two carbon double bond and single bond 
interactions from both chains.
Initially after 1 hour of treatment only polyene lengths of 8 to 9 double bonds are formed, 
however after two hours treatment shorter polyenes are formed of 4 double bonds long.
With increasing treatment time these polyenes grow to 7 double bonds long. The longer 
polyene chains reach a maximum length of 11 carbon double bonds, at 12 hours treatment. 
The Raman intensity increases rapidly between Ito 2 hours treatment, and remains almost 
the same thereafter. Indicating a rapid increase in the number of polyene chains formed 
between 1 to 2 hours.
The Raman peaks present in the samples treated with Solution B are shown in Table 6.5.2. 
The results for the samples treated with Solutions B and C are practically identical.
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Time of Treatment 
(hours)
Absorbance Lines 
(cm-1)
Separations
(cm'1)
Polyene Lengths 
(carbon double bonds)
1 1589, 1535, 1133 and 1378. 456, 402. 4 and 8 to 9.
2 1579, 1536, 1139 and 1400. 440, 397. 5 and 8 to 9.
4 1586, 1538, 1139 and 1363. 447, 399. 4 to 5 and 8 to 9.
8 1609, 1572, 1185 and 1370. 424, 387. 5 to 6 and 9 to 10.
12 1605, 1555, 1166 and 1373. 439,389. 4 to 5 and 9.
24 1605, 1538, 1139 and 1401. 466,399. 3 to 4 and 8 to 9
Table 6.5.2. Raman peak separations of samples treated with Solution B for 1 to 24 hours.
The Raman spectra of the samples treated with solution B are shown in Figure 6.5.2.
After 1 hour of treatment with Solution B similar peaks are seen in the Raman spectra to 
that of the Raman spectra of samples treated for 2 hours with Solution A. There are polyene 
lengths of 4 and 8 to 9 carbon double bonds long, the same as after 2 hours treatment with 
Solution A. Therefore the addition of the catalyst increases the kinetics of the production of 
the shorter polyene lengths.
As can be seen in Figures 6.5.1 and 6.5.2 the Raman spectrum is of much greater intensity 
after 1 hour of treatment with Solution B than with 1 hour of treatment with Solution A, for 
both the polyene lengths concerned. After 4 hours treatment the polyene structures are 4 to 
5, and 8 to 9 carbon double bonds in length. This indicates a slight increase in the length of 
the shorter polyene chain. However the Raman intensity is decreasing indicating that the 
number of polyene chains is decreasing with treatment time, this could be a result of the 
break up of the polyene structures, maybe as a result of oxygenation. The same trend is 
found for 8 hours treatment where a maximum chain length is reached of 5 to 6 carbon 
double bonds for the shorter polyene structures and 9 to 10 double bonds for the longer 
polyene structures. This proceeds to drop to 4 to 5 and 8 to 9 double bonds on 12 hours 
treatment.
After 24 hours treatment in Solution B, the polyene structures are 3 to 4, and 8 to 9 carbon 
double bonds in length. The reduction of the shorter polyene length to 3 to 4 carbon double 
bonds indicates that the polyene chains are breaking up with treatment time.
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Figure 6.5.2. Raman Spectra (green laser) of samples treated with Solution B for (a) 1 hour,
(b) 4 hours, and (c) 24 hours.
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With the catalyst treatment this break up o f structure occurs after two hours, (the Raman 
spectra at 2 hours treatment is very similar to that after 4 hours). However with Solution A, 
i.e. without the catalyst, although smaller polyene chains are formed, the Raman intensity 
increases with time and within the 24 hours investigated there is no decrease in polyene 
chains. Therefore although the catalyst speeds up the production of polyene chains, 
destruction of the chains occurs rapidly, which is not observed without the catalyst. The 
peak that is representative o f the interaction of the carbon double and single bonds, appears 
to have shifted up to 1401 cm"1, although this is difficult to assign because the peak is so 
small that it could be considered hidden in the noise of the spectrum. This also confirms the 
occurrence o f the break-up of the structure with long times of treatment.
The samples treated with Solution C give practically the same Raman spectra, indicating 
that both catalysts TBPB and TBAHS (from Solution B and C respectively) produce the 
same resulting polyene structures over the same time scale.
The Raman peaks o f the samples treated with Solution D are shown in Table 6.5.3.
Time of treatment Absorbance Lines Separations Polyene lengths
(hours) (cm"1) (cm"1) (carbon double bonds)
1 1527, 1133 and 1378. 394. 9.
2 1617, 1527, 1133, 1164, 1379. 453,394. 4 to 5 and 9.
4 1617, 1527, 1133, 1164, 1379. 453,394. 4 to 5 and 9.
8 1595, 1527, 1133 and 1363. 462, 394. 4 and 9.
12 1595, 1527, 1133 and 1368. 462, 394. 4 and 9.
24 1595, 1527, 1133 and 1369. 462, 394. 4 and 9.
Table 6.5.3. Raman peak separations of samples treated with Solution D for 1 to 24 hours.
The sample treated for 1 hour with Solution D is very similar to that of the sample treated 
with Solution A for 1 hour in, producing polyene chains o f 8 to 9 double bonds in length. 
The Raman spectrum of the samples treated with Solution D for 2 hours and 4 hours are 
quite similar they both produce polyene structures of 4 to 5 and 9 carbon double bonds in 
length. The polyene structure of 4 double bonds in length is very weak in the sample treated 
for 2 hours in Solution D, but is stronger in intensity in the sample treated for 4 hours. The
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overall Raman intensity is much greater for the samples treated for 4 hours, indicating an 
increase in the production of the polyene chains. The interaction between the two stretching 
modes is in the same position as for the treatments o f 1 hour and 2 hours in Solution A, at 
1379 cm'1 and does not change greatly for the samples treated between 8 to 24 hours with 
Solution D. The samples treated for 8, 12 and 24 hours with Solution D all contain similar 
peaks which represent polyene structures of 4 and 9 carbon double bonds in length. The 
Raman intensity increases up to 12 hours treatment and then decreases between 12 and 24 
hours. Indicating that more polyenes are produced with increasing treatment time up until 
12 hours o f treatment, after which the polyene chains are being destroyed, possibly as a 
result of an oxygenation reaction.
The samples treated with Solution E for between 1 and 24 hours all have peaks in the same 
positions, at 1600 cm'1, 1546 cm'1, 1137 cm'1 and 1390 cm'1. The separations between the 
carbon double bonded and carbon single bonded peaks are 463 cm'1 and 409 cm'1, giving 
polyene structures of 4 and 7 to 8 carbon double bonds in length. A typical Raman 
spectrum of a sample treated with Solution E is shown in Figure 6.5.3.
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Figure 6.5.3. Raman Spectra (green laser) of samples treated with Solution E for 1 hour.
Although the separations do not change with time o f treatment the Raman intensity does. 
The intensity is greatest after Ihour of treatment, within 2 hours treatment the Raman 
intensity has reduced to half that value. The intensity remains the same for 2 hours, 4 hours 
and 8 hours treatment times. After 12 hours treatment the Raman intensity has halved 
again, and remains at this level for the 24 hours treatment. Therefore between 1 to 2 hours 
there is a significant reduction in the number of polyene chains present, which remains 
constant between 2 to 8 hours treatment. Then between 8 to 12 hours treatment there is a
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further destruction of the polyene chains, which then remain constant between 12 to 24 
hours.
For samples treated with Solution A, the polyene production increases with time. Shorter 
polyenes, o f 4 carbon double bonds in length, are produced after 2 hours treatment, which 
increase in size after 12 and 24 hours treatment to 5 to 6 and 7 carbon double bonds in 
length respectively. The longer chains are at maximum length after 12 hours treatment. For 
the samples treated with the catalysts the Raman intensity after 1 hour o f treatment is greater 
then the sample treated for 1 hour with Solution A. However the intensity decreases 
between 1 to 2 hours treatment, and then remains practically constant thereafter, indicating 
that there is considerable break up of the polyene structure between 1 to 2 hours treatment. 
The catalyst treatment increases the length of the chains from 4 and 8 to 9 at 1 hour of 
treatment to 5 to 6 and 9 to 10 at 8 hours treatment. This reduces again in length to 3 to 4 
and 8 to 9 at 24 hours treatment, therefore indicating a peak length of polyene chain at 8 
hours treatment. The addition of the catalyst creates more variety in the length o f polymer 
chain, but overall produces a smaller number of polyene chains.
The samples treated with Solution D are similar to those treated with Solution A. At 1 hour 
of treatment the polyene chain length is 9 carbon double bonds in length. The Raman 
intensity increases with increasing treatment time up until 12 hours treatment, where the 
Raman intensity is similar to that of the samples treated with Solution A for 2 hours, and 
then decreases in intensity at 24 hours treatment. Therefore the reduction in DMSO 
concentration and increase in and NaOH concentration leads to the rate in the number of 
polyene chains being formed decreasing, however causes the break up o f the chains after 24 
hours treatment. The difference between Solution D and Solution A does not produce a 
significant difference in the chain length produced. The treatment between 2 to 24 hours 
with Solution D results in a similar length of chain as that after 8 hours treatment with 
Solution A.
The samples treated with Solution E produce polyenes of 4 and 7 to 8 carbon double bonds 
in length after 1 hour of treatment. These lengths o f chain do not change with treatment 
time however the intensity o f the Raman spectra and therefore the number of polyene chains 
in the structure decreases with treatment time. Therefore the increased concentration of
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NaOH in the solution increases the kinetics of the formation of the polyene chain, slightly 
decreases the length and increases the break up of the polyene chains with time.
The length and number o f polyene chains formed on treatment is effected by the addition of 
catalyst and the concentration of DMSO. A range of polyene lengths are produced within 
the limits o f the chain lengths discussed. The main intensities are those o f the lengths of 
chains discussed here.
6.6. Discussion
The XPS and SIMS analysis give an insight to the chemical nature of the treated polymer. 
The production of conjugated structures is monitored by the use o f ToF-SIMS and Raman 
analysis. The depth of treatment is followed by the use o f RBS. Each o f these aspects of 
the treated polymer is discussed with relation to the type of treatment that the sample has 
undergone. The samples treated with Solution A (50% DMSO, 50% 4M NaOH) will be 
discussed initially and the other samples will be compared to this set o f samples. The colour 
of the samples within 1 hour of treatment are comparable to the colour o f the samples, 
treated with TBAHS and TBAB, after 2 hours treatment shown in Chapter 2. Indicating that 
the reaction kinetics are accelerated through the use of the solvent DMSO.
The samples treated with Solution F (100% DMSO) all dissolve within 1 hour o f treatment 
at 80°C. Therefore the fact that the samples remain after treatment in the solutions 
containing NaOH shows that the reaction product o f NaOH and PVdF is not soluble in 
| DMSO, or that there is a change in the solubility parameter as a result o f the addition o f the
! NaOH.
6.6.1. Surface Chemistry of the Defluorination Process.
The XPS spectra o f the samples treated with Solution A show that maximum defluorination 
(5% fluorine remaining) occurs within 1 hour o f treatment. The oxygen concentration is 
constant after 2 hours treatment, at 25%, indicating that defluorination occurs before 
oxygenation. Between 2 to 24 hours treatment there appears to be no change in the samples 
at this analysis depth. The functionalities produced on treatment are CH2 -CH2 , C=0, C-OH, 
=CF, and O-C-F. The inclusion of sodium increases with increasing treatment time, up to 
5% at 48 hours treatment. The samples treated with Solutions B and C (addition o f 0.0025 
moles o f TBPB and TBAHS respectively) produce very similar results to the samples
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treated with Solution A. The main difference lies in the presence of elements representative 
of the catalysts, these are only present in trace amounts, but indicates that the catalyst 
interacts with the sample surface. The defluorination and oxygenation are complete within
1 hour of treatment, indicating that the kinetics o f the reaction is increased through the 
introduction o f the catalysts. The functionalities produced however are the same and the 
concentration of the functionalities produced are remarkably similar.
The samples treated with Solution D (25%DMSO, 75% 4M NaOH) also show 
defluorination and oxygenation on treatment, however the processes occur at a slower rate 
than with Solution A. The concentration of fluorine and oxygen after 4 hours treatment 
with Solution D is the same as that of the samples treated with Solution A for 2 hours. 
Therefore by decreasing the concentration of the solvent, DMSO, the reaction rate is 
decreased. The sodium incorporation is slightly lower in this case indicating that the DMSO 
encourages the reaction between the NaOH and the polymer.
The samples treated with Solution E (50% DMSO, 50% 8 M NaOH) also show 
defluorination and oxygenation on treatment, and as with samples treated with Solution A, 
the fluorine concentration falls to 5 % with treatment, and the oxygen incorporation reaches 
26 %. However these concentrations are reached within 1 hour o f treatment, as opposed to
2 hours treatment with Solution A, indicating that the kinetics has increased with the 
increased NaOH concentration. The sodium concentration reaches a maximum of 5% after 
24 hours treatment, indicating that the increase in the NaOH concentration does not effect 
the percentage of sodium incorporated in to the sample. However the increase in the NaOH 
concentration does affect the defluorinated product that is observed in the XPS spectra. 
Although the elemental concentrations do not change after 1 hour o f treatment the fluorine 
and oxygen functionalities do change between 1 to 2 hours treatment. The fluorine is still 
present in the form of CFa groups after 1 hour of treatment, however after two hours 
treatment these groups have all been converted to O-C-F groups. As with the samples 
treated with 12 M NaOH in Chapter 4 there is no evidence of =CF groups, this is a result of 
the kinetics o f the various steps of the mechanism, as discussed in Chapter 5.
The ToF-SIMS analysis o f the samples treated with Solution A to E shows that the fluorine 
ions reduce significantly within 1 hour o f treatment, and the oxygen inclusion increases up 
to 2 hours treatment, after which the concentration does not change greatly. These results
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are consistent with the XPS results the time scales over which defluorination and 
oxygenation occur are exactly the same for samples treated with Solution A. The sulphur 
ions and CFOH" ions are produced within an hour of treatment and do not change 
significantly within the 48 hours treatment again this is in good agreement with the XPS 
results. The main significant difference in the spectra obtained for samples treated in 
Solution D to the other samples is with regards to the fragment CsHsFs*. In the samples 
treated with Solution A the fragment decreases with treatment time, however between 0 and 
1 hour o f treatment with Solution D, this fragment increases in intensity, by two hours 
treatment this fragment decreases substantially. This fragment is representative o f the first 
stages of defluorination and therefore indicates a reduction in kinetics for the samples 
treated with Solution D, again this is in good agreement with the XPS results.
The same oxygen functionalities are shown to be formed with treatment with Solutions B 
and C as with the respective catalyst treatments in Chapter 5. The catalyst fragments 
dominate the positive spectra. The same oxygen functionalities are observed in the negative 
spectra of the samples treated with Solutions A, D and E. However the positive spectra are 
more helpful in these cases as they are not dominated by the catalyst structures. These 
positive spectra show the formation of conjugated structures and hydrocarbons containing 
hydroxyl groups. The fragments obtained in these spectra are the same as those obtained in 
Chapter 4, however the fragments representing PVdF structures are o f slightly lower in 
intensity in the samples treated with Solutions A, D and E than in the case o f the treatment 
in Chapter 4.
6.6.2. The Formation of Conjugated Structures at the PVdF Surface.
From the ToF-SIMS analysis the samples treated with Solution A show fragments that could 
be representative of conjugated structures, these increase rapidly between 0 to 1 hours 
treatment and decrease rapidly between 1 to 2 hours treatment and remain at that level 
thereafter. The samples treated with Solution D experience the same initial increase 
between 0 to 1 hour of treatment but then show a plateau thereafter. The samples treated 
with Solution A therefore experience a break up of the conjugated structures within 2 hours 
treatment. The reduction in the DMSO concentration prevents the decrease in the 
conjugated structures with treatment time. The DMSO could be responsible for the break 
up of the conjugated structures.
209
- Chapter 6 Surface Modification ofPVdF with NaOH and DMSO -
The samples treated with solution E show an increase in the fragments representing 
conjugated structures between 0 to 1 hours which then plateau between 1 to 2 hours and 
then decreases to a constant level within 4 hours treatment. Therefore the increase in the 
NaOH concentration increases the time over which the conjugated structures remain, the 
increased concentration creating more structures.
The samples treated with the catalyst solutions show the initial rise and fall o f the 
conjugated structures as observed in the samples treated with solution A. However a second 
rise in the intensity o f the samples occurs between 8 to 12 hours treatment and the intensity 
drops after 24 hours treatment. The increase in the kinetics of the reaction through the 
addition of the catalyst introduces a second stage o f conjugated structure formation, within 
12 hours treatment.
The length and presence of the conjugated structure can be observed in more detail with the 
use of Raman spectroscopy. The PVdF samples when treated with any o f the Solutions A to 
E produce conjugated structures. The samples treated with Solution A produce polyene 
lengths o f 4 to 11 carbon double bonds, the maximum length is present after 12 hours 
treatment. When treated with the catalyst Solutions the polyene chains are between 3 to 10 
carbon double bonds in length. The maximum length is reached after 8 hours treatment.
This indicates that the catalyst accelerates the reaction, and also reduces slightly the length 
of the polyene chain. In all three cases, treatment with Solutions A, B and C after 24 hours 
treatment the maximum chain length has reduced to 8 to 9 carbon double bonds. In fact it is 
only at 12 hours for samples treated in Solution A and 8 hours in Solutions B and C that the 
maximum polyene length is not 8 to 9 double bonds in length. This is the length o f polyene 
chain observed with the treatments concerned in Chapters 4 and 5. It is clear that the 
number o f polyenes produced with treatment with Solution A reaches a maximum level 
within 2 hours treatment and then does not change. The samples treated with the catalysts 
reach maximum number of polyene chains at 1 hour of treatment and then break up o f the 
polyene structures occur within 2 hours treatment.
The samples treated with Solution D produce polyene lengths between 4 to 9 carbon double 
bonds. Polyene production occurs up to 12 hours treatment, between 12 to 24 hours 
treatment the polyene structures begin to break up. Therefore the increased concentration of 
sodium hydroxide leads to a break up in the structure not observed in the samples treated
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with Solution A. However the kinetics o f polyene production with this lower concentration 
of DMSO are reduced.
The polyene production is complete within 1 hour of treatment with Solution E indicating 
that the increased concentration o f sodium hydroxide increases the kinetics of the reaction. 
The initial destruction o f the polyene structure occurs between 1 to 2 hours treatment with 
Solution E, as observed in Solution D, the increase in the sodium hydroxide concentration 
encourages break up of the polyene chain. The length of chains are between 4 to 8 carbon 
double bonds, this is slightly shorter than the samples treated with Solution A indicating that 
the increased concentration o f sodium hydroxide, slightly decreases the chain length.
The trends observed for polyene intensity in ToF-SIMS and Raman cannot be correlated, 
the difference between the trends can be accounted for by the different analysis depths of 
the techniques.
6.6.3. The Depth o f Defluorination.
The depth of penetration of the treatments is determined by RBS analysis. The samples 
treated with Solution A, show defluorination reaching depths of 2pm, and oxygenation 
depths of 1.8 pm. This indicates that defluorination occurs before oxygenation.
The kinetics of the reaction is not a straightforward diffusion controlled mechanism, as 
observed in Chapter 5. This is a result of the DMSO dissolving the reactants, therefore 
reducing the need for diffusion of the reactants. The depth of treatment is the same for the 
samples treated with Solutions B and C, however the extent o f reaction appears greater with 
the samples treated with catalyst TBAHS (Solution C). The treatment o f the samples with 
Solution B, catalyst TBPB, does not appear to change the extent of reaction in comparison 
to the samples treated with Solution A.
The depth of treatment reached with Solution D is 1.6 pm, which is less than the depth 
penetrated by Solution A. Therefore reduction in DMSO concentration reduces the depth of 
penetration of the treatment. The extent o f reaction with Solution D is also less indicating 
that the reduction in DMSO reduces the extent to which the reaction proceeds.
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The treatment of samples with Solution E reaches the same depths of defluorination as that 
of the samples treated with Solution A, as is expected, as the concentration of DMSO is the 
same in both cases. The extent of defluorination however is much greater with Solution E 
as is expected because of the higher concentration of sodium hydroxide.
6.7. Concluding Remarks.
In the light of the above discussion it is clear that the addition of DMSO to the treatment 
solution has a marked effect on the kinetics, and hence the depths of defluorination 
achieved. On the basis o f the analytical data however, the degradation mechanism, 
identified in Chapters 4 and 5, for NaOH and NaOH and PTC, appears to be largely 
unaltered. One important feature which springs from the data for PVdF treated with 
Solution E is the absence of CHF species at the PVdF surface following treatment in the 8M 
NaOH solution. This indicates the important role that the concentration o f the alkaline 
media has to play in the defluorination process, and the attendant influences on the process 
kinetics.
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7. The Surface Modification of Poly(vinylidene fluoride)
by Alkaline Media.
In Chapters 4, 5 and 6 the modification ofPVdF has been discussed and specific 
mechanisms proposed for sodium hydroxide, and sodium hydroxide with phase transfer 
catalyst, induced degradation. It has been shown that the depth of defluorination increases 
from <0.1 pm to 1.4 pm with the addition o f a PTC. The use of solvent activation (DMSO) 
increases the defluorination depth to approximately 2 pm. Defluorination, oxygenation and 
discoloration occur on treatment with all the alkaline treatments discussed in this work. In 
this chapter the change in the chemical nature o f the product as a result o f the different 
treatments will be discussed. An insight into the comparable kinetics o f the different 
treatments has been achieved and will be presented in this section. The reaction 
mechanisms depicted in Chapters 4 and 5 will be compared.
7.1. Surface Chemistry of the Defluorination Process.
The surface composition, as far as carbon containing species are concerned, o f the PVdF 
film samples after alkaline treatment, as discussed in Chapters 4, 5 and 6 are shown in Table
7.1.1.
Functionality Surface Composition (Percentage o f C ls Intensity)__________________
50% DMSO 50% DMSO/ 
______________12M NaOH, 4M NaOH + PTC 750% 4M NaOH 50% 8M NaOH
ÇH2-CH2 40.5 66.8 60 61
ÇOH 3.8 20.6 22 19
ÇH2-CF2 25.4 0.0 0.0 0.0
c = o 13.6 6.9 8.0 9.0
=CF 0.0 1.0 2.0 0.0
O-C-F 5.6 4.0 6.0 7.0
TT-TC* 0.0 0.7 2.5 3.0
ÇF2-CH2 11.1 0.0 0.0 0.0
Table 7.1.1. The surface composition, C ls intensity, ofPVdF samples after 24 hours 
treatment, at 80°C in a shaking waterbath (111RPM) in the alkaline solutions. The average 
concentrations between 2 to 24 are shown for the samples treated with the DMSO solutions.
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The data for this table has been assembled through the use of XPS, ToF-SIMS and Infrared 
Spectroscopy. As can be observed in Table 7.1.1, the samples treated with the catalysts and 
the DMSO are distinctly different in surface composition to that o f the samples treated with 
12M NaOH. The main difference lies in the presence o f the CF2 groups. The samples 
treated with 12M NaOH contain CF2 groups after 24 hours treatment, whereas all the other 
treatments frilly remove the CF2 groups from the PVdF samples within 1 hour o f treatment. 
The one exception occurs with the samples treated with 50% DMSO and 50% 8M NaOH, 
which defluorinate over 2 hours treatment. Therefore the addition of either the PTCs or the 
use of the DMSO solvent increases the kinetics o f the defluorination. The reduction in the 
kinetics o f the samples treated with 8M NaOH could be a result o f the formation o f a 
barrier, which is resistant to NaOH penetration. As discussed in Chapters 2 and 5, the PTCs 
increase the kinetics of the reaction by transferring the hydroxide ion into the organic phase,
i.e. the PVdF samples. Sodium hydroxide cannot penetrate the organic media easily, the 
addition of the PTC enables the interaction deeper into the polymer by the onium cation 
combining with the hydroxide species. The large onium cation is soluble in the organic 
media, therefore allowing transfer of the hydroxide ions. DMSO, as discussed in Chapters 2 
and 6, is a solvent for PVdF, the reactants can be dissolved in the solvent, thereby enabling 
the reaction to occur in the solvent media. The net result of this process is to remove the 
problems associated with sample penetration by the hydroxide ions and reducing problems 
related to diffusion through a solid sample. The improved contact between the hydroxide 
species and the PVdF sample leads to a change in the rate-controlling step. The rate- 
controlling step for the samples treated with 12M NaOH is deprotonisation o f an in chain 
CH2 group, Chapter 4, page 122, Step 1. For the samples treated with PTCs or the DMSO 
solutions, the first step is accelerated through the improved access o f the hydroxide ions to 
the polymer structure, therefore there is no longer a well-defined rate-controlling step.
There are no =CF or CF groups present in the samples treated with 12M NaOH or the 
samples treated with 50% DMSO and 50% 8M NaOH. However =CF groups are formed in 
the samples treated with 4M NaOH with DMSO and 4M NaOH with PTC. Therefore the 
presence of the =CF groups is a factor of the concentration of the NaOH. The stronger 
concentrations of NaOH encourage the hydroxylation of the chain (Chapter 4, page 123,
Step 3,) as soon as the =CF species are formed, therefore they are only present as an 
intermediate species. This is as expected as a result o f the greater activity o f the hydroxide 
in solution, substitution of the fluoride ion of the =CF species will occur more readily than
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in a solution of lower hydroxide activity. For the sample treated with 12M NaOH the 
hydroxyl groups are mainly converted to the carbonyl species formed in the next step 
(Chapter 4 , page 123, step 4). For the other samples the hydroxyl group is the dominant 
oxygen species present. For the same level o f defluorination, the 12M treated samples 
incorporate a higher concentration of oxygen functionalities, as shown in Chapter 4.
In Table 7.1.1, the samples discussed are the samples from Chapter 4, those treated with 
12M NaOH, the samples in Chapter 5, those treated with the PTCs (the results from the 
different catalysts are so similar that an average has been used here). The other samples 
discussed are from Chapter 6, Solution A (50% DMSO, 50% 4M NaOH), and Solution E 
(50% DMSO, 50% 8M NaOH). There are other solutions discussed in Chapter 6, which 
have not been shown in Table 7.1.1, Solutions B to D. Samples treated with Solutions B 
and C (50% DMSO, 50% 4M NaOH and 0.0025 moles of PTC TBPB and TBAHS 
respectively) are very similar in surface composition and kinetics o f treatment to the 
samples treated in Solution A, and therefore need not be discussed further. The samples 
treated with Solution D (25% DMSO, 75% 4 M NaOH) however defluorinate over a longer 
period of time, as removal of the CFz groups occurs over 2 hours, as opposed to 1. This 
indicates that the reduction in the volume o f DMSO, reduces the kinetics o f the 
defluorination reaction, as expected. The DMSO will not soften the polymer to the same 
extent as with the higher concentration of DMSO, therefore the hydroxide will not have 
such ready access to the PVdF structure.
The formation of O-C-F groups does not appear to be changed greatly by the type o f  
treatment. The samples treated with PTC and the samples treated with DMSO both show 
the formation of a shake-up satellite. This satellite is more prominent in the samples
treated with DMSO, indicating a large number of conjugated structures have been formed.
7.2. The Formation of a Conjugated Structure at the PVdF Surface.
A conjugated carbon double bond structure is shown to form in all treatments, through the 
use of the analysis techniques XPS, ToF-SIMS and Raman Spectroscopy. The samples 
treated with 12M NaOH and the samples treated with 4M NaOH and PTCs (Chapter 4 
and 5) both show the formation of conjugated polyenes o f 8 to 9 carbon double bonds in 
length. In both cases the number of polyene chains increases between 1 to 4 hours treatment
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and decreases thereafter, indicting that the maximum number of polyene chains are formed 
within 4 hours treatment, after which these chains are destroyed. The chain length remains 
the same in both cases over the treatment times investigated, and are specifically between 8 
to 9 carbon double bonds in length, there is no evidence in the Raman spectra of chains that 
are of a smaller length.
The samples treated with the DMSO solutions (Chapter 6) have different chain lengths to 
those discussed above, indicting that the solvent has an effect on the polyene chain length 
produced. The samples treated with Solution A for example (50% DMSO, 50% 4M NaOH) 
produce chain lengths over a range of 4 to 11 carbon double bonds in length. The dominant 
chain length, however, is still the 8 to 9 carbon unit. The number of polyenes increases 
between 1 to 2 hours o f treatment and reaches a plateau thereafter. The DMSO solutions 
with the catalyst added show production of chains over the range of 3 to 10 carbon double 
bonds in length, however the main chain length is again 8 to 9 double bonds. In this case 
the number of polyene chains is found to reduce after 2 hours treatment indicating that the 
introduction o f the catalyst promotes break-up of the chains.
The samples treated with Solution D (25%DMSO, 75%NaOH) show production o f chains 
over a range of 4 to 8 to 9 carbon double bonds in length, the polyene length does not 
change significantly with treatment time. However the intensity increases up to 12 hours 
treatment and then decreases between 12 to 24 hours treatment. This indicates that the 
greater volume of the NaOH leads to the break-up of the conjugated structure.
The sample treated with Solution E (50% DMSO, 50% 8M NaOH), show production of 
polyene chains in the range of 4 to 8 carbon double bonds. The production o f the chains is 
complete within an hours treatment, and the number o f polyene chains reduces thereafter, 
indicating break-up of the polyene structure as a result o f the increased NaOH 
concentration.
As is observed with the samples treated with 12M NaOH, and Solutions D and E, the higher 
concentration o f the NaOH leads to formation and then break up of the conjugated structure 
over a period o f treatment. The structure is also broken up by the presence of the catalyst in 
the solution. However, as can be observed with the samples treated with Solution A,
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without catalyst and with a low concentration o f NaOH, no break up o f the conjugated 
structure is observed over the time scale o f the experiment.
The length of the conjugated structures formed, in all cases without the presence of DMSO 
is 8 to 9 double bonds, and no other lengths are observed. However the introduction of 
DMSO to the solutions encourages the production of conjugated structures over a range of 
lengths, 3 to 11 carbon double bonds. This is not considered to be the break-up of the 
longer chains, as the samples treated with Solution A do not show a decrease in the number 
of polyene chains o f 8 to 9 double bonds in length, over the treatment times observed. 
Therefore the presence of the DMSO encourages formation o f conjugated structures o f 
different lengths, this could be a result o f the softening of the polymer by the solvent. The 
fixed length observed through the other treatments, is in relation to a fixed polymer 
structure, where an optimum chain length representative o f the optimum energy gap 
between the valence and conducting bands in the conjugated structure is achieved.
7.3. Depth of Defluorination.
The depth of defluorination of the samples can be observed through the RBS analysis. The 
samples treated with 12M NaOH show a depth of treatment that is less than the analysis 
depth of RBS (<0. Ipm) indicating that the treatment is restricted to the very surface o f the 
PVdF samples. The samples treated with 4M NaOH and PTC show a depth o f treatment in 
the realm o f 1.4 pm. The depth of treatment was plotted against the square root o f the 
treatment time to investigate the kinetics of the defluorination process. A straight line was 
achieved indicating that the kinetics o f defluorination is controlled by Case 1 Fickian 
diffusion. This is to be expected as the rate o f the reaction depends on the transfer o f the 
ions into the polymer media by the PTCs.
The samples treated with the DMSO solutions show depths of defluorination up to 2 pm. 
The depth of treatment is the same for Solution A (50% DMSO, 50% 4 M NaOH) as with 
the Solutions B and C (with added PTC) and Solution E (50%DMSO, 50% 8M NaOH).
The depth of defluorination of samples treated in Solution D (25% DMSO, 75% 4M NaOH) 
is less than that o f Solution A, only 1.6 pm, however this depth is still greater than the depth 
of defluorination observed with the samples treated with 4M NaOH and PTCs. Therefore
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the depth of treatment is greatly increased by the addition of the solvent DMSO. The 
solvent enables defluorination to occur at a greater depth than the PTC treatment.
In both cases, treatment with the DMSO solutions and the PTCs, show that oxygenation 
does not occur to as great a depth as defluorination, indicating that elimination occurs prior 
to oxygenation. This is consistent with the mechanisms suggested in Chapters 4 and 5.
Samples treated in Solution E (50%DMSO, 50% 8M NaOH) show a greater extent of 
defluorination than the other solutions. This indicates that the concentration o f the NaOH 
effects the extent of the reaction, the greater the concentration of NaOH the greater the 
extent of defluorination.
7.4. The Reaction Mechanism.
As discussed above all the results obtained can be accounted for by the reaction mechanisms 
put forward in Chapters 4 and 5. The mechanism does not change with the different 
treatments, however the kinetics of the steps involved do change. It is the kinetics o f the 
different steps that account for the different surface compositions observed, as discussed 
above. The length of the polyene chains and depth of defluorination are also affected by the 
treatments involved. The former is a result of the competition between the reactions 
forming polyenes (elimination reactions) and those incorporating oxygen (substitution 
reactions). The latter is a result of the ability o f the solutions to penetrate the polymer, and 
the addition o f the PTC and the solvent does not appear to alter the mechanisms concerned 
but increases the kinetics o f the initial reactions.
218
- Chapter 8 Concluding Remarks -
8. Concluding Remarks.
The combination of the analysis techniques, XPS, ToF-SMS, infrared spectroscopy, Raman 
spectroscopy and RBS used in this work allow a comprehensive mechanism for the 
defluorination ofPVdF to be ascertained. RBS proves a very useful technique for the depth 
profiling of the samples, the depth of the technique, in this case, is between 0.1 to 2 pm and 
can provide the elemental composition o f the sample at much greater depths then XPS and 
ToF-SMS.
Defluorination, followed by oxygenation occurs on treatment o f the polymer. For all the 
treatments, the carbon functionalities produced on treatment, are CH2-CH2 , COH, 0 = 0 , and 
O-C-F groups. The production of all o f these groups can be accounted for in the 
mechanisms discussed below. There are other functionalities that are produced that are 
specific to the conditions of the treatment concerned, these can all be accounted for through 
changes in the kinetics o f the steps involved in the suggested mechanism.
A reaction mechanism for the treatment ofPVdF with 12M NaOH at 80°C for between 1 
and 256 hours treatment has been proposed. The rate-controlling step of the reaction 
mechanism has been shown to be the initial deprotonation of an in chain CH2 group.
Removal o f all the CF2 groups does not occur within the treatment time investigated. The 
depth of treatment is too small (<0.1 pm) to be observed in the RBS spectra. The Raman 
spectroscopy shows the formation of a conjugated structure o f 8 to 9 carbon double bonds in 
length.
A reaction mechanism has been proposed for the treatment ofPVdF with 4M NaOH and
0.0025 moles o f PTC (TBPB or TBAHS) at 80°C for between 1 and 24 hours treatment.
The mechanism is unchanged from that discussed above, however the kinetics o f the 
defluorination reaction, is greater, leading to the observation of different carbon 
functionalities. All the CF2 groups are removed within 1 hour of the reaction, showing an 
increase o f the reaction kinetics. The kinetics of the reaction are increased by the use o f a 
PTC, acting in a manner consistent with its ascribed properties, as discussed in Chapter 2. 
There is no longer a well-defined rate-controlling step in this case, as a result o f which.
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intermediate species (=CF groups) in the mechanism that were not observed in the samples 
treated with 12M NaOH are now identified. The reaction kinetics are shown to conform to 
Case 1 Fickian diffusion.
The mechanism of the treatment ofPVdF with sodium hydroxide and DMSO, is also the 
same as that discussed above. However the kinetics of the reaction are greatly increased by 
the introduction of the solvent, DMSO. The solubility parameters o f DMSO and PVdF are 
29.7 (MPa)1/2 and 23.2 (MPa)1/2 respectively, whilst these cannot be described as in good 
agreement, the heating of the solution to 80°C enables dissolution of the PVdF within an 
hour of treatment. With the addition of NaOH to the solution a protective layer is formed 
permitting softening of the polymer only. This softening effect allows the sodium hydroxide, 
and where appropriate, the PTC, easier access to the polymer structure. The reaction shows 
an increase in the kinetics o f defluorination, with removal of all CF2 species within 2 hours of 
treatment. This gives rise to the observation of the intermediate group, =CF, in the Cl s XPS 
spectra. An increased concentration of sodium hydroxide removes this intermediate, 
indicating the role that the alkali plays in the defluorination process.
The depth of the DMSO treatment is greater than with 12M NaOH, or the treatment with 
NaOH and PTC, defluorination with the solutions containing DMSO reaches depths o f up to 
2 pm into the polymer surface. The kinetics o f the reactions with these solutions are not 
controlled by Case 1 Fickian diffusion, and the depth profiles are complex. More 
investigation is required to understand these phenomenon fully. The differences observed in 
the RBS spectra o f the samples treated with DMSO could be a result of the manner in which 
the softening of crystalline and amorphous regions occur. Further investigation is required to 
establish the behaviour o f the different phases.
The Datafumace software has not been validated for polymeric structures, this would be an 
interesting subject for further study. The affect o f the crystallinity of the PVdF samples on 
the kinetics could be investigated through experiments with amorphous PVdF and crystalline 
PVdF. It is thought that the kinetics of the reaction would change with crystallinity but not 
the mechanism of the reaction.
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In this work the mechanism of defluorination ofPVdF in the above treatments has been 
discussed fully. The depth of defluorination has been ascertained with all the treatments, and 
an insight has been gained to the kinetics of the reaction. Areas for further work have been 
suggested.
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